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ABSTRACT
A g r e a t  d e a l  o f  i n t e r e s t  h a s  been  g e n e r a t e d  i n  oxovanadium (IV)  
c h e m i s t r y  i n  t h e  l a s t  s e v e r a l  y e a r s .  T he re  a r e  s e v e r a l  r e a s o n s  f o r  
t h e  i n t e r e s t  i n  t h i s  s p e c i e s .  Oxovanadium(IV) p o s s e s s e s  g r e a t  
s t a b i l i t y ,  i s  c a p a b l e  o f  e x i s t i n g  i n  s o l i d ,  l i q u i d  and i n  v a p o r  
p h a s e s  w i t h o u t  d e s t r u c t i o n  o f  t h e  VO*" e n t i t y ,  and i t  i s  a  c e n t r a l  
m o l e c u l e - i o n  and may t h e r e f o r e  be s t u d i e d  by m ethods  n o t  a p p l i c a b l e  
t o  t h e  u s u a l  c e n t r a l  a t o m - i o n s .  A n o th e r  r e a s o n  f o r  t h e  i n t e r e s t  
i n  t h i s  s p e c i e s  i s  t h a t  oxovanad ium (IV )  u s u a l l y  h a s  s q u a r e  base  
pyram id  g e o m e t ry  i n  com plexes  w i t h  b i d e n t a t e  l i g a n d s .  T h i s  g e o m e t ry  
i s  q u i t e  r a r e  among t h e  f i r s t  row t r a n s i t i o n  e l e m e n t s .  P e r h a p s  t h e  
m a in  r e a s o n  f o r  t h e  r e c e n t  i n t e r e s t  i n  oxovanad ium (IV )  i s  t h a t  i t  
i s  a  d* e l e c t r o n i c  s p e c i e s  and s h o u ld  l e n d  i t s e l f  t o  a n  e a s y  
t h e o r e t i c a l  i n t e r p r e t a t i o n .  Much o f  t h e  r e c e n t  w ork ,  i n  f a c t ,  h a s  
b e e n  t o  e l u c i d a t e  a  t h e o r e t i c a l  scheme t o  a c c o u n t  f o r  t h e  o b s e r v e d  
e l e c t r o n i c  t r a n s i t i o n s .
E l e c t r o n i c  s p e c t r a  were  o b t a i n e d  m a i n l y  f o r  t h e  p - k e t o e n o l a t e  
co m p lex es  VO(dpm) and VOChfa)^ * H^O. These  s p e c t r a  w ere  o b t a i n e d  
i n  v a r i o u s  s o l v e n t s ,  i n  t h e  v a p o r  p h a s e ,  i n  r e f l e c t a n c e  and a t  l i q u i d  
n i t r o g e n  t e m p e r a t u r e s ,  i n  a l k a l i  h a l i d e  p e l l e t s ,  n u j o l  m u l l s ,  and 
f r o z e n  o r g a n i c  g l a s s e s .  The v a p o r  s p e c t r a  were  t h e  f i r s t  o b t a i n e d  
f o r  an y  oxovanad ium (IV )  com plex .
P e r h a p s  th e  m os t  s i g n i f i c a n t  new a s p e c t  n o t e d  from t h e  s t u d i e s  
o f  t h e s e  v a r i o u s  s p e c t r a  i s  t h e  f i r m  e s t a b l i s h m e n t  o f  a  v e r y  weak
i n t e n s i t y  band a t  10-12kK. T h i s  band had e i t h e r  been  i g n o r e d  o r  
u n n o t i c e d  p r o b a b l y  b e c a u s e  i t  i s  u s u a l l y  c o v e r e d  o r  p a r t l y  c o v e r e d  
by a  s l i g h t l y  more i n t e n s e  band i n  t h e  12-15kK r e g i o n .  B e s i d e s  
t h e s e  two bands  a t h i r d  and f o u r t h  low e n e r g y  band i s  a l s o  o b s e r v e d  
i n  t h e s e  (3 - d ik e to n e  c o m p le x e s .  These  two b a n d s  a p p e a r  i n  t h e  
15-18kK and 20-25kK r a n g e ,  r e s p e c t i v e l y .  The movement o f  t h e s e  f o u r  
b an d s  t o  h i g h e r  o r  lo w e r  e n e r g i e s  w i t h  c h a n g i n g  s o l v e n t  was c l o s e l y  
s t u d i e d .  The s p l i t t i n g s  ( i f  any)  and p o s i t i o n s  of t h e s e  b an d s  w ere  
a l s o  s t u d i e d  i n  t h e  v a p o r  p h a se  and  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e s .
W i th  t h e  r e s u l t s  o f  t h e s e  v a r i o u s  s p e c t r a ,  t h e  f o l l o w i n g  e m p i r i c a l  
e n e r g y  a s s i g n m e n t s  a r e  p ro p o s e d  t o  a c c o u n t  f o r  t h e  o b s e r v e d  e l e c t r o n i c  
t r a n s i t i o n s  i n  t h e s e  oxovanad ium (IV )  co m p le x es :
E ne rgy  Range (kK) A ss ig n m en t
1 0 - 1 2  x j ^ x 2y 2
1 2 -16  xy-* (xz ,yz)
1 5 -1 8  xy-*z2
2 0 -2 5  C.T. and T-S ( l i g a n d ) ?
viii
A. INTRODUCTION
A g r e a t  d e a l  o f  i n t e r e s t  h a s  been  g e n e r a t e d  i n  oxovanadium (IV)  
c h e m i s t r y  i n  r e c e n t  y e a r s .  Much o f  t h e  work on oxovanadium (IV) 
h a s  i n v o l v e d  s im p ly  t h e  p r e p a r a t i o n  and c h a r a c t e r i z a t i o n  o f  new 
c o m p le x es .  (See  r e f e r e n c e s  1 and 2 ) .  R e c e n t l y  q u i t e  a b i t  o f  
work h a s  been  done w i t h  t h e  p u r p o s e  o f  a s s i g n i n g  th e  o b s e r v ed  
e l e c t r o n i c  bands  i n  V0 ^+ com plexes  a c c o r d i n g  t o  some s u i t a b l e  
t h e o r e t i c a l  m ode l .
T h e re  a r e  many r e a s o n s  why t h e  oxovanad ium (IV )  s p e c i e s  i s
so o f t e n  s t u d i e d .  One o f  t h e  b e s t  r e a s o n s  f o r  t h e  p o p u l a r i t y
o f  t h e  oxovanad ium (IV )  s p e c i e s  i s  i t s  g r e a t  s t a b i l i t y .  Oxovanadium(IV)
forms q u i t e  a v a r i e t y  o f  s t a b l e  a n i o n i c ,  c a t i o n i c  and n e u t r a l  co m p lex es .
I t  i s  a l s o  c a p a b l e  o f  e x i s t i n g  i n  s o l i d ,  l i q u i d  and,  q u i t e  u n e x p e c t e d l y ,
2+i n  t h e  v a p o r  phase  w i t h o u t  d e s t r u c t i o n  o f  the  VO e n t i t y .  I t  i s  a l s o  
u s u a l l y  q u i t e  s t a b l e  i n  b o t h  aqueous  and n o n -a q u e o u s  s o l u t i o n s .
The oxovanad ium (IV )  s p e c i e s  i s  a l s o  a c e n t r a l  " m o l e c u l e - i o n "  
and may be s t u d i e d  by methods  n o t  a p p l i c a b l e  t o  compounds o f  c e n t r a l  
a t o m - i o n s .  Oxovanadium(IV) i s  a l s o  o f  g r e a t  v a l u e  t o  t h o s e  co n ce rn e d  
w i t h  e . s . r .  f o r  s e v e r a l  r e a s o n s  b e s i d e s  i t s  s t a b i l i t y .  N a t u r a l l y  
o c c u r r in g  vanad ium  51 h as  h i g h  i s o t o p i c  p u r i t y  and i t  a l s o  has  a 
h i g h  n u c l e a r  s p i n  ( 7 / 2 ) .  F u r t h e r m o r e ,  and p e r h a p s  most s i g n i f i c a n t  
o f  a l l ,  oxovanad ium (IV )  i s  a d^ e l e c t r o n i c  s y s te m  and t h u s  s h o u ld  
le n d  i t s e l f  t o  an  e a s y  t h e o r e t i c a l  and e x p e r i m e n t a l  i n t e r p r e t a t i o n .
1
2
The p r e s e n c e  o f  a  s i n g l e  d - e l e c t r o n  o u t s i d e  o f  a c l o s e d  s h e l l  i n  
t h e  oxovanad ium (IV )  s p e c i e s  s h o u ld  a l s o  make t h e  i n t e r p r e t a t i o n  
o f  t h e  o p t i c a l  s p e c t r u m  o f  t h i s  s p e c i e s  a  s im p le  m a t t e r .  However,  
t h i s  h a s  n o t  p r o v e n  t o  be t h e  c a s e  f o r  r e a s o n s  t o  be  e l a b o r a t e d  . 
l a t e r .
A n o th e r  r e a s o n  f o r  t h e  I n c r e a s i n g  i n t e r e s t  i n  oxovanad ium (IV )
i s  t h e  geo m et ry  o f  i t s  c o m p le x e s .  The p r e d o m in a n t  g eo m e t ry  f o r
most o f  t h e  t r a n s i t i o n  m e ta l  com plexes  i s  o c t a h e d r a l ,  d i s t o r t e d
o c t a h e d r a l  ( t e t r a g o n a l )  o r  s q u a r e  p l a n a r .  O t h e r  g e o m e t r i e s  a r e
q u i t e  r a r e ,  e s p e c i a l l y  f o r  t h e  f i r s t  row t r a n s i t i o n  m e t a l s .
Oxovanadium(IV) however  g i v e s  a g e o m e t r y  q u i t e  u n iq u e  i n  t h e  f i r s t
row t r a n s i t i o n  e l e m e n t s .  I n  t h e  com plexes  o f  g e n e r a l  f o r m u la
(X)^VOL^(L = F ,CN ) ,  t h e  symmetry  i s  a s t r o n g l y  d i s t o r t e d
o c t a h e d r o n .  In  com plexes  o f  g e n e r a l  f o r m u l a  VO(AA)^ (AA * v a r i o u s
b i d e n t a t e  l i g a n d s )  t h e  g e o m e t r y  i s  u s u a l l y  a s l i g h t l y  d i s t o r t e d
s q u a r e  b a se  p y r a m i d ,  w h e re  th e  O-V-A a n g l e  i s  a lw a y s  g r e a t e r  t h a n
n i n e t y  d e g r e e s .  T h i s  i s  a q u i t e  u n u s u a l  c o n f i g u r a t i o n  f o r  t h e
f i r s t  row t r a n s i t i o n  m e t a l s .  T h i s  g e o m e t ry  p r e s e n t s  an  "open"
s i x t h  p o s i t i o n  t r a n s  t o  t h e  v a n a d y l  ox y g en .  A s o l v e n t  e f f e c t  s t u d y
on a  compound w h ic h  h a s  t h i s  open  s i x t h  p o s i t i o n ,  V O C a c a c ^ ,  has
3
been  t h e  s u b j e c t  o f  one i n v e s t i g a t i o n  . The r e l a t i v e  s h i f t i n g  o f  
t h e  d p t i c a l  bands  i n  t h e  1 0 .0  - 25.0kK r a n g e  a l o n g  w i t h  t h e  r e s u l t s  
o f  a few l i q u i d  n i t r o g e n  t e m p e r a t u r e  s p e c t r a ,  l e d  t o  p o s t u l a t i o n
4
of t h e  s o - c a l l e d  c l u s t e r e d  l e v e l  scheme . The scheme,  t o  be 
d i s c u s s e d  l a t e r ,  r e c e i v e d  a f f i r m a t i o n  f rom  some w o r k e r s  b u t  was
3
q u e s t i o n e d  by o t h e r s .  I t  was i n  an  e f f o r t  t o  d e t e r m i n e  i f  t h e  
c l u s t e r e d  l e v e l  scheme was v a l i d  o r  n o t ,  and i f  n o t  t o  a t t e m p t  
a n o t h e r  a s s i g n m e n t  o f  t h e  e l e c t r o n i c  b a n d s  f o r  o x o v a n a d iu m ( I V ) , 
t h a t  t h i s  s t u d y  was u n d e r t a k e n .
One p r i n c i p a l  t a s k  was t o  a t t e m p t  t o  o b t a i n  a  v a p o r  s p e c t r u m  o f  
one  o r  more o xovanad ium (IV )  c o m p le x e s .  Vapor s p e c t r a  o f  t h i s  s p e c i e s  
had n e v e r  b e e n  o b t a i n e d  b e f o r e  and  i t  was  hoped t h a t  t h e y  would  be 
h e l p f u l  i n  t h e  a s s i g n m e n t  o f  t h e  e l e c t r o n i c  b a n d s .  W ith  t h i s  p u r p o s e  
i n  m ind ,  t h e  com plexes  VOChfa)^ * H^O and VOCdpm)^ w ere  p r e p a r e d .
They a r e  b o t h  v e r y  v o l a t i l e ,  s u b l i m i n g  a t  50-75°C a t  10 ^mm Hg 
p r e s s u r e  and  i t  was hoped t h a t  v a p o r  s p e c t r a  o f  b o t h  co u ld  be 
o b t a i n e d .  The s p e c t r a  o f  t h e s e  two- compounds w ere  a l s o  o b t a i n e d  
i n  a v a r i e t y  o f  s o l v e n t s  and i n  r e f l e c t a n c e  t o  s e e  how t h e y  s u p p o r t e d  
t h e  e a r l r ' . r  s o l v e n t  e f f e c t  r e s u l t s  o b t a i n e d  by O r t o l a n o  on V O ^ c a c ) ^ ,  
a  r e l a t e d  compound. I t  was d u r i n g  t h e s e  s t u d i e s  t h a t  a p r e v i o u s l y  
u n r e p o r t e d  v e r y  low i n t e n s i t y  band was d i s c o v e r e d  i n  t h e  1 1 .0  -  12 . 0kK 
r e g i o n .  P r i o r  t o  t h i s ,  o n l y  t h r e e  b an d s  w ere  u s u a l l y  o b s e r v e d  i n  t h e
1 0 . 0  - 25.0kK r e g i o n  f o r  oxov an ad iu m (IV )  c o m p le x e s ,  band " I "  a t
1 2 .0  - 15 .0kK,  band ” 11"  a t  1 4 .0  - 18 .0kK and band " I I I "  a t  2 0 . 0  - 
28 .0kK .  T h i s  weak new band made a t o t a l  o f  f o u r  b a n d s  be low  25.0kK 
a t  room t e m p e r a t u r e .  The s p e c t r a  o f  t h e s e  com p lex es  w ere  a l s o  r u n  
a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e  t o  s e e  w ha t  i f  any  s p l i t t i n g  would 
o c c u r  and w ha t  e f f e c t  t h i s  would have  on t h e  a s s i g n m e n t  o f  t h e  
bands  t o  a p a r t i c u l a r  t h e o r e t i c a l  m o d e l .
A low t e m p e r a t u r e  s p e c t r u m  was a l s o  o b t a i n e d  f o r  t h e  i n t e r e s t i n g
complex  (NH^) j  V O ( t a r t r a t e )  * ^ O .  T h i s  complex shows f o u r  
m o d e r a t e l y  I n t e n s e  bands  i n  t h e  1 0 . 0  -  25.0kK r e g i o n  a t  room 
t e m p e r a t u r e .  I t  was hoped t h a t  a l i q u i d  n i t r o g e n  t e m p e r a t u r e  
s p e c t r u m  o f  t h i s  low symmetry  complex would  y i e l d  s p l i t t i n g  
w h i c h  w ould  be o f  v a l u e  i n  t h e  e l u c i d a t i o n  o f  a t h e o r e t i c a l  model 
t o  e x p l a i n  t h e  o p t i c a l  s p e c t r a  o f  oxovanad ium (IV )  c o m p le x es .
W i th  t h e  r e s u l t s  o f  t h e  above  m e n t io n e d  e x p e r i m e n t s  an 
e m p i r i c a l l y  d e r i v e d  model i s  p r o p o s e d  t o  a c c o u n t  f o r  t h e  o p t i c a l  
s p e c t r a  o f  oxovanad ium (IV )  c o m p le x es .
B. PREVIOUS SPECTRAL WORK
Though much o p t i c a l  and e . s . r .  d a t a  have been  o b t a i n e d  on  a
v a r i e t y  o f  v a n a d y l  c o m p le x e s ,  t h e r e  i s  s t i l l  no t h o r o u g h l y
s a t i s f a c t o r y  and unambiguous  a s s i g n m e n t  f o r  t h e  o b s e r v e d
e l e c t r o n i c  b a n d s .
The h i s t o r y  o f  t h e  v a n a d y l  s p e c i e s  and i t s  compounds h a s  been
2
a d e q u a t e l y  d i s c u s s e d  e l s e w h e r e  . The f o l l o w i n g  d i s c u s s i o n  w i l l
t h e r e f o r e  be p r i m a r i l y  co n ce rn e d  w i t h  t h e  s p e c t r a l  p r o p e r t i e s  o f
t h e  v a n a d y l  i o n  i n  t h e  v i s i b l e  n e a r - i n f r a r e d  and n e a r - u l t r a v i o l e t
r e g i o n  ( 8 . 0  -  3 0 .0 k K ) .
S e v e r a l  a u t h o r s  have  t r i e d  t o  f i t  t h e  o b s e r v e d  e l e c t r o n i c
b an d s  o f  v a n a d y l  com plexes  t o  t h e o r e t i c a l  m o d e l s .  One of  t h e  f i r s t
was Jorgensen"* who i n t e r p r e t e d  th e  VOCH^O)^ i o n  u s i n g  a s i m p l e
c r y s t a l  f i e l d  m o d e l .  By a s su m in g  a t e t r a g o n a l  d i s t o r t i o n  o f  t h e
e n e r g y  l e v e l s  o f  a n  e x a c t  c u b i c  symmetry ,  0 ^ ,  he  was a b l e  t o
q u a l i t a t i v e l y  o b t a i n  a  scheme w h ic h  a c c o u n t e d  f o r  t h e  c r y s t a l
2+f i e l d  s p e c t r u m  o f  VOC^O)^ .  When one a x i s  p o s s e s s e s  a  s t r o n g e r
2 -  'l i g a n d  f i e l d  t h a n  t h e  o t h e r  two, a s  f o r  e x a m p le ,  V O (ed ta )  , t h e  
t e t r a g o n a l  s p l i t t i n g  i s  d e c r e a s e d  and t h e  two o b s e r v e d  bands  a r e  
s p l i t  f u r t h e r  a p a r t .  Copper  com plexes  w i t h  a p ro n o u n c e d  t e t r a g o n a l i t y  
g i v e  o n l y  one o p t i c a l  band (d* p o s i t i v e  h o l e  sy s te m )  \
However,  s i n c e  a s im p le  c r y s t a l  f i e l d  model c o u ld  n o t  c o n s i d e r  
TT“ b o n d i n g ,  i t  c o u ld  n o t  b e g i n  t o  a c c o u n t  f o r  a l l  o f  t h e  o b s e r v e d  
o p t i c a l  and m a g n e t i c  d a t a .  The c r y s t a l  f i e l d  s p l i t t i n g  f o r  0^  
and s y m m e t r i e s  i s  shown i n  F i g u r e  1.
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F i g u r e  1: D iag ram m at ic  r e p r e s e n t a t i o n  o f  d o r b i t a l  s p l i t t i n g s

























Ds and Dt a r e  p a r a m e t e r s  w h ic h  s p e c i f y  t h e  d e g r e e  o f
t e t r a g o n a l i t y  i n  th e  c r y s t a l  f i e l d ^ .  M a g n e t i c  d a t a  i n d i c a t e  an
2+o r b i t a l l y  n o n - d e g e n e r a t e  g round  s t a t e  f o r  VO c o m p le x e s .  Thus ,
t h e  o r b i t a l  m u s t  l i e  be low t h e  e *  o r b i t a l .  I f  t h e  t e t r a g o n a l
p e r t u r b a t i o n  r e s u l t s  i n  a x i a l  c o m p r e s s i o n ,  a s  i s  t h e  c a s e  f o r  
2+V0(H20) , t h e n  t h e  l a *  o r b i t a l  i s  l e s s  s t a b l e  t h a n  t h e  b* o r b i t a l .
The d -d  t r a n s i t i o n s  p r e d i c t e d  by s im p le  c r y s t a l  f i e l d  t h e o r y  f o r
t h e  s p e c i e s  a r e  t h e r e f o r e  b^  -* e *  (-3Dq + 5 D t ) ,  b^ -* b*  ^lODq)
and b 2 -* a *  (lODq -  4Ds -  5 D t ) .  The s o l u t i o n  s p e c t r u m  o f  V0(H20 ) ^ +
r e v e a l s  b ro a d  b an d s  a t  1 3 ,0 0 0  cm  ̂ and 1 6 ,0 0 0  cm  ̂ w h ich  w ere
a s s i g n e d  a s  t h e  t r a n s i t i o n s  b„ -♦ e *  and b„ -* b * .  The b„ -♦ a*2 TT 2. L 2 1
band i s  p resum ed t o  be c o v e r e d  by a n  i n t e n s e  c h a r g e  t r a n s f e r
band a t  4 0 ,0 0 0  cm Dq was c a l c u l a t e d  d i r e c t l y  f rom  t h e  t r a n s i t i o n
-* b * ,  g i v i n g  i t  a  v a l u e  o f  1600 cm "^7 By a s s u m in g  t h e  b 2 -* a*
t r a n s i t i o n  t o  be  a t  a p p r o x i m a t e l y  3 5 ,0 0 0  cm \  Ds and Dt were
c a l c u l a t e d  t o  be -4 5 7 0  cm ^ and - 1 4 3  cm \  r e s p e c t i v e l y .  These
v a l u e s  may be compared w i t h  Ds = -1 1 7  cm  ̂ and Dt = - 3 3  cm  ̂ f o r
t e t r a g o n a l l y  d i s t o r t e d  c o b a l t o u s  o x i d e . ^  The r e l a t i v e l y  sm a l l
2+Dq v a l u e  and  l a r g e  Ds and Dt v a l u e s  c a l c u l a t e d  f o r  VOCH^O)^ 
i n d i c a t e  t h e  p r e s e n c e  o f  a  v e r y  l a r g e  t e t r a g o n a l  d i s t o r t i o n  and 
p o i n t s  o u t  t h e  i n a d e q u a c y  o f  t h e  s i m p l e  c r y s t a l  f i e l d  m o d e l .
g
I n  1962,  B a l l h a u e e n  and  Gray  e l a b o r a t e d  a m o l e c u l a r  o r b i t a l
'  2+  d e s c r i p t i o n  o f  t h e  J v a n a d y l  i o n ,  [VOCH^o)^ ] ,  u s i n g  a  m o d i f i e d
W o l f s b e r g - H e l m h o l z  p r o c e d u r e .  The 3d ,  4s and  4p v an ad iu m  o r b i t a l s ,
a l o n g  w i t h  t h e  2s ,  2p ( c r - b o n d i n g ) , and 2p , 2p ( i t -b o n d i n g ) .z y  x
o r b i t a l s  o f  t h e  o x i d e  oxygen and t h e  sp o  h y b r i d  o r b i t a l s  o f  t h e  
w a t e r  oxygens  w ere  u s e d .  S in ce  t h e  v an ad iu m  t o  w a t e r - o x y g e n  bonds 
a r e  known t o  be l o n g e r  t h a n  t h e  v an ad iu m  t o  o x i d e - o x y g e n  bond,  
( 2 . 3 ^  and 1 . 6 7 ^ ,  r e s p e c t i v e l y ^ ' n - b o n d i n g  I n v o l v i n g  t h e  w a t e r  
o xygens  was i g n o r e d .
B a l l h a u s e n  and  Gray  deduced  t h e  f o l l o w i n g  t r a n s f o r m a t i o n  
scheme num ber ing  t h e  e q u a t o r i a l  l i g a n d s  1, 2,  3 ,  and 4 ,  t h e  o x i d e -  
oxygen number 5 and t h e  a x i a l  l i g a n d  number 6 .
Symnetry
R e p r e s e n t a t i o n  i n  C.4v
Vanadium
O r b i t a l s
L ig an d
O r b i t a l s
a l 3d 7 + 4s a 5
4s - 3d 9 % (a L+o2+ a 5+c74 )
4PZ a 6
e TT 3d , 3d xz ’ yz "5<2!v  2V
4p • 4p x *y 2" ^ ( o 1-<j3) ,  2 ' 4 ( a 2- o ^
b i 3d 9 2 ^ ^ a i " CT2+CT3~CT4^
b2 3d xy
-------
U sin g  t h e  u s u a l  c r i t e r i o n  t h a t  bond s t r e n g t h s  a r e  p r o p o r t i o n a l  
t o  o v e r l a p ,  t h e y  deduced  t h e  m o l e c u l a r  o r b i t a l  scheme shown i n  
F i g u r e  2,  w i t h  t h e  a r ro w  r e p r e s e n t i n g  t h e  l o n e  d e l e c t r o n  beyond th e  
f i l l e d  a r g o n  c o r e  i n  v a n a d i u m ( I V ) . A l l  b o n d in g  o r b i t a l s  a r e  f i l l e d
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F i g u r e  2 : M o l e c u l a r  O r b i t a l  Scheme f o r  VOCH^O^ 'as  c a l c u l a t e d  by
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w i t h  e l e c t r o n s  from th e  l i g a n d s  and a l l  a n t i b o n d i n g  ( s t a r r e d )  
o r b i t a l s  a r e  empty i n  t h e  ground s t a t e .
The o r d e r i n g  of  t h e  e n e r g y  l e v e l s  f o r  the  " d - d "  t r a n s i t i o n s  i s  
t h e  same a s  was p r e d i c t e d  by th e  c r y s t a l  f i e l d  model.  The a u t h o r ' s  
c a l c u l a t i o n s  gave  t h e  f o l l o w i n g  e n e r g y  p r e d i c t i o n s  ( i n  u n i t s  o f  
kK = 1000 cm :
kK
b - e* 12 .502 TT
b 2 ~ b? 18.79
b 2 ~ I a * 4 4 .7 6
be -* b 3 8 .80
TT 2
The e x p e r i m e n t a l  v a l u e s  f o r  VOC^O),. a r e  13.06kK, 16.00kK
and 41.70kK. These  were  a s s i g n e d  to  th e  t r a n s i t i o n s  b -► e* ,
2 TT
b„ -* b* and e*  -* b„ w i t h  t h e  b„ -* l a *  t r a n s i t i o n  b e l i e v e d  t o  be
2 1 tt 2 2 1
co v e red  by t h e  c h a r g e  t r a n s f e r  band .
S e l b i n ,  Holmes and M c G ly n n ^ ,  u s i n g  t h e  same a to m ic  o r b i t a l s
a s  d id  B a l l h a u s e n  and Gray , b u t  c o n s i d e r i n g  a d d i t i o n a l l y  e q u a t o r i a l
T T * b o n d i n g ,  o b t a i n e d  an e n e r g y  l e v e l  s c h e m e  s h o w i n g  a  r e v e r s a l  o f
o r d e r i n g  o f  t h e  a n t i b o n d i n g  e* and b* l e v e l s .  The p o s s i b l e  c r o s s i n g
of  t h e s e  two l e v e l s  w i l l  be n o te d  a g a i n  l a t e r .
I n  a l l  f u r t h e r  d i s c u s s i o n  th e  band a t  11 - 12kK w i l l  be
r e f e r e d  t o  a s  th e  "weak" band .  The bands  i n  th e  r e g i o n s  1 3 .0  - 16.0kK,
15 .0  - 19.0kK and 2 0 .0  - 25.0kK w i l l  be r e f e r e d  t o  a s  th e  f i r s t  band,
second band and t h i r d  band ,  r e s p e c t i v e l y .
12H o rn e r ,  Tyree  and Venesky p r e p a r e d  and o b t a i n e d  th e  o p t i c a l  
s p e c t r a  o f  th e  compounds VOC.^ * M C^H^^A sO ,  VOCJL̂  * ^ (CH^^SO,
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VOCX,. • 2(C H ) PO and VO(CXO,)_ • 5 (C cHc)NO in  m e th y le n e  c h l o r i d e .
Z O 5 -J H Z 5 5
They i n t e r p r e t e d  t h e  o p t i c a l  s p e c t r a  a c c o r d i n g  t o  t h e  B a l l h a u s e n -  
G ray  m o l e c u l a r  o r b i t a l  scheme. They n o te d  t h a t  i n  some c a s e s  th e
-* e *  t r a n s i t i o n  (ssJ^.OOkK) c o m p l e t e l y  c o v e red  th e  b^ — b* t r a n s i t i o n  
(« 1 5 - 1 6 k K ) .
3
S e l b i n  and O r t o l a n o  m easured  t h e  e f f e c t s  o f  t h i r t e e n  s o l v e n t s  
on t h e  a b s o r p t i o n  s p e c t r u m  o f  VOCacac^*  They n o te d  t h a t  t h e  f i r s t  
band (jylAkK) r e d - s h i f t e d  and t h e  second  band (f5=17kK) b l u e - s h i f t e d  
s l i g h t l y  a s  t h e  l i g a t i o n a l  s t r e n g t h  o f  t h e  s o l v e n t  i n c r e a s e d .  They 
a s s i g n e d  t h e  t h r e e  low i n t e n s i t y  b a n d s , u s i n g  t h e  Ba1 lh a u s e n - G r a y  
e n e r g y  l e v e l  scheme,  t o  t h e  t r a n s i t i o n s  b^ e * ,  b^ -* b*  and b^ -* a* ,  
r e s p e c t i v e l y .  They d e f i n e d  a new e m p i r i c a l  q u a n t i t y  D^j. t h e  d i f f e r e n c e  
be tw een  t h e  f i r s t  and second  band maxima, a s  a new p a r a m e t e r ,  more 
s e n s i t i v e  f o r  r a n k i n g  s o l v e n t  l i g a n d  s t r e n g t h  t h a n  Dq i t s e l f .  With  
th e  s t r o n g e s t  l i g a n d ,  w a t e r ,  a d i f f e r e n c e  o f  5.49kK was o b s e r v e d  
b e tw ee n  t h e  f i r s t  two b a n d s .  B enzene ,  t h e  w e a k e s t  l i g a n d ,  o n ly  
gave  a d i f f e r e n c e  o f  1 .07kK. T h i s  r e p r e s e n t s  a r a n g e  o f  ( 5 . 5 9  - 
1 . 0 7 )  o r  4 .42kK,  a s  compared t o  a d i f f e r e n c e  o f  1.3kK f o r  10Dq,
0 .6kK f o r  Ds and 0 .3kK f o r  D t .  U s ing  t h i s  p a r a m e t e r  t h e y  were  
a b l e  t o  r a n k  t h e  s o l v e n t s  a s  f o l l o w s :  H.20»MeOH>pyrid  i n e >
n-propylamine>Et0H>DMS0>DHF>CH3CN>CH3N02>CHCX^>CS2»JC^H^>CCjt^.
13B e r n a l  and R i e g e r  i n v e s t i g a t e d  t h e  o p t i c a l  and e . s . r .  s p e c t r u m  
o f  v a n a d y l  a c e t y l a c e t o n a t e  i n  s i x  s o l v e n t s .  They a l s o  n o t i c e d  
a r e d  s h i f t  i n  band I  and a b l u e  s h i f t  i n  band I I  w i t h  i n c r e a s i n g  
s o l v e n t  l i g a n d  s t r e n g t h .  Band I I I  shows l i t t l e  t e n d e n c y
14
t o  s h i f t  i n  any  s o l v e n t .  T h i s  was a s s i g n e d  a s  t h e  — a *
t r a n s i t i o n ,  a c c o r d i n g  t o  t h e  B a l l h a u s e n - G r a y  scheme and t h i s
t r a n s i t i o n  w h ic h  i s  t o  an e n e r g y  l e v e l  made up o f  ( F i g u r e  2)
t h e  3d 2 m e t a l  o r b i t a l  and t h e  2p o f  oxygen  would be e x p e c t e d  z z
t o  show a l a r g e  s h i f t  when a s o l v e n t  m o l e c u l e  e n t e r s  t h e  open
s i x t h  p o s i t i o n .  The a u t h o r s  n o t e d  t h a t  t h e r e  was no e x p l a n a t i o n
f o t  t h e  f a c t  t h a t  t h e  band d i d  n o t  s h i f t  m a r k e d ly .
Among t h e  f i r s t  t o  c a s t  d o u b t  on t h e  v a l i d i t y  o f  t h e
B a l l h a u s e n - G r a y  e n e r g y  l e v e l  scheme w ere  S e l b i n ,  O r t o l a n o  and 
14S m i th  , who n o t e d  t h a t  t h e  f i r s t  band o f  V O (a c a c )2 , a t  14.00kK,
s p l i t  i n t o  t h r e e  components  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e .
They p r o p o s e d  t h a t  t h e s e  t h r e e  b a n d s  w e re  a l l  e l e c t r o n i c  i n
o r i g i n  and b e l o n g e d  t o  t h e  b -» e* t r a n s i t i o n  ( s p l i t  i n  C_
2 TT 2v
symmetry) and t h e  b 2 -+ b* t r a n s i t i o n .  The band a t  1 8 ,0 0 0  cm 
w h ich  showed no s p l i t t i n g ,  was a s s i g n e d  by  them a s  t h e  b 2 -♦ l a *  
t r a n s i t i o n  and t h e  25.00kK band was a s s i g n e d  a s  a c h a r g e - t r a n s f e r  
b a n d .  T h i s  a s s i g n m e n t  p l a c e d  a l l  f o u r  " d - d ’' t r a n s i t i o n s  be low 
20«QkK.
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O r t o l a n o ,  S e l b i n  and McGlynn p r o p o s e d  a " c l u s t e r e d  l e v e l "  
scheme t o  e x p l a i n  t h e  l i q u i d  n i t r o g e n  t e m p e r a t u r e  s p l i t t i n g  o f  
t h e  o p t i c a l  b an d s  o f  V O ( a c a c ) 2> The a u t h o r s  p ro p o s e d  t h a t  band I  
(14 .00kK )  c o n t a i n s  t h e  d e g e n e r a t e  e *  ( s p l i t  i n  symmetry)
t r a n s i t i o n  and t h e  b* t r a n s i t i o n .  The 17.00kK band waa a s s i g n e d  
a s  t h e  b^ -• l a *  t r a n s i t i o n .  The 25.00kK band was t h e n  t e n t a t i v e l y
15
a s s i g n e d  a s  a c h a r g e  t r a n s f e r  b a n d .  S u p p o r t  f o r  t h i s  scheme was 
t h e  d i s a p p e a r a n c e  o f  t h e  bands  a t  13.60kK and 1 7 >10kK upon 
o x i d a t i o n  by  e l e m e n t a l  oxygen o f  v an ad lu m (IV )  t o  v a n a d lu m (V ) .
The 25«00kK band d i d  n o t  d i s a p p e a r  on o x i d a t i o n ,  b u t  r e d - s h i f t e d  
a s  o x i d a t i o n  o c c u r r e d .  T h i s  r e d  s h i f t  was e x p e c t e d  s i n c e  t h e  
f i r s t  c h a r g e  t r a n s f e r  t r a n s i t i o n  i s  f rom  a l i g a n d  f i l l e d  b o n d in g  
o r b i t a l  t o  a h a l f - f i l l e d  m e t a l  o r b i t a l  and t h u s  was e x p e c t e d  t o  
i n v o l v e  a r e p u l s i o n  e n e r g y .  T h i s  r e p u l s i o n  e n e r g y  i s  s u r e l y  a b s e n t  
i n  v a n ad iu ra (V ) .  An a p p a r e n t  d i s c r e p a n c y  i n  t h e  ’’c l u s t e r e d  l e v e l ” 
scheme was found  i n  t h e  compound ( N H ^ ) ^ ( V O F ) i n  w h ich  t h e  f i r s t  
band a l s o  s p l i t s  i n t o  t h r e e  com ponents  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e .  
S i n c e  t h i s  compound s h o u ld  have  symmetry ,  t h e  e*  l e v e l  sh o u ld  
r e m a in  d e g e n e r a t e  and o n l y  two com ponen ts  s h o u ld  be o b s e r v e d  i n  
band I .  R a t h e r  t h a n  abandon  th e  " c l u s t e r e d  l e v e l "  scheme,  t h e  
a u t h o r s  p o s t u l a t e d  a s p i n - o r b i t  c o u p l i n g  mechanism  f o r  s p l i t t i n g  
t h e  e *  r e p r e s e n t a t i o n  i n  symmetry .  However,  t h e  a u t h o r s  d id
n o t  c o m p l e t e l y  r u l e  o u t  v i b r o n i c  s p l i t t i n g  a s  an  e x p l a n a t i o n  f o r
t h e  t h r e e  components  of  t h e  14.00kK a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e s .
15S e l b i n  and Morpurgo s t u d i e d  t h e  a q u eo u s  s o l u t i o n  s p e c t r a  
o f  t h e  v a n a d y l  i o n  w i t h  t h e  l i g a n d s  t a r t r a t e ,  c i t r a t e ,  l a c t a t e ,  
m a n d e l a t e  and  t n a l a t e .  I n  b a s i c  s o l u t i o n  f o u r  b an d s  a r e  o b s e r v e d  
f o r  e a c h  "com plex"  i n  t h e  1 0 ,0 0 0  - 3 0 ,0 0 0  cm  ̂ r a n g e .  U s ing  t h e  
" c l u s t e r e d  l e v e l "  scheme o f  O r t o l a n o ,  S e l b i n  and McGlynn, t h e s e  
b an d s  w ere  i n t e r p r e t e d  a s  t h e  f o u r  d - d  b a n d s ,  w i t h  t h e  e *  l e v e l
TT
s p l i t  by t h e  low symmetry o f  t h e s e  c o m p le x es .  The B a l l h a u s e n - G r a y
16
scheme c a n n o t  e a s i l y  a c c o u n t  f o r  f o u r  b a n d s  a t  su ch  low e n e r g y .
R e c e n t l y  how ever ,  T a p s c o t t  and Belford^** c i t e d  e x p e r i m e n t s  o f
m o l e c u l a r  w e i g h t  d e t e r m i n a t i o n ,  e . s . r .  s p e c t r a ,  t i t r a t i o n  d a t a
and o p t i c a l  s p e c t r a  t o  p ro v e  t h e  s t r u c t u r e  o f  v a n a d y l  t a r t r a t e
c o m p le x e s .  They deduced  t h a t  t h e s e  t a r t r a t e  com plexes  w e re  b r i d g e d
d i m e r s  and t h a t  two s p e c i e s  w ere  p o s s i b l e ,  d e p e n d in g  on w h e th e r
d ,  t ,  o r  d - f  r a c e m i c  m i x t u r e  o f  t a r t a r i c  a c i d  was u s e d  i n  t h e
p r e p a r a t i o n .  The o n l y  x - r a y  c r y s t a l l o g r a p h i c  work  on a v a n a d y l
complex  w i t h  c i s - t r a n s  i s o m e r i z a t i o n  p o s s i b l e * ^ ,  v a n a d y l  b i s
( b e n z o y l a c e t y l a c e t o n a t e ) , ha s  shown t h a t  o n ly  t h e  c i s  i s o m e r
i s  o b t a i n e d  a s  t h e  compound i s  n o r m a l l y  p r e p a r e d .  The r a c e m i c
d im e r  was t h e  more s t a b l e  o f  t h e  t a r t r a t e  com plexes  how ever .
T h i s  prompted t h e  a u t h o r s  t o  p o s t u l a t e  a c i s  a r r a n g e m e n t  a b o u t  t h e
van ad iu m  f o r  t h e  d - I  d i m e r .  T h i s  compound, w hich  i s  r e d - b r o w n ,
shows t h r e e  bands  i n  t h e  10-25kK r e g i o n  i n  a l k a l i n e  s o l u t i o n .
The d -d  d i m e r ,  f o r  w h ic h  t h e  a u t h o r s  p o s t u l a t e  a t r a n s  a r r a n g e m e n t ,
i s  v i o l e t  i n  a l k a l i n e  s o l u t i o n  and shows f o u r  bands  i n  t h e  10-25kK
r e g i o n .  The x - r a y  work  on ammonium v a n a d y l ( + ) t a r t r a t e  h a s  been
18done by  F o r r e s t  and P r o u t  .
S h o r t l y  a f t e r  t h e  work  o f  S e l b i n ,  O r t o l a n o  and McGlynn was
p u b l i s h e d ,  t h e r e  a p p e a r e d  an  i n t e r e s t i n g  p a p e r  by B asu ,  Y e ranos  
19and B e l f o r d  • They r a n  a low t e m p e r a t u r e  t h i n - c r y s t a l  s p e c t r u m  
o f  V O (acac )^  And o b t a i n e d  some s i g n i f i c a n t  s p l i t t i n g s .  The f i r s t  
band a t  14 .00kK was s p l i t  i n t o  t h r e e  com ponen ts ,  much t h e  same
14a s  S e l b i n ,  O r t o l a n o  and  Smith  had o b s e r v e d  e a r l i e r *  The 
s e p a r a t i o n  o f  t h e s e  com ponents  was a b o u t  0 . 7kK and t h e  a u t h o r s  
i n t e r p r e t e d  t h i s  a s  t h e  b e g i n n i n g  o f  a  v i b r a t i o n a l  p r o g r e s s i o n  
( p o s s i b l y  t h e  v a n a d y l  s t r e t c h i n g  f r e q u e n c y  w h ic h  o c c u r s  a t  a b o u t  
*99kK i n  t h e  g round  s t a t e  o f  t h e  m o l e c u l e ) .  The a u t h o r s ,  h o w ev er ,  
s t a t e d  t h a t  f rom  t h e  shape  o f  t h e  c u r v e  i n  t h e  10- 12kK r e g i o n s ,  t h e y  
c o u ld  n o t  d e f i n i t e l y  r u l e  o u t  more t h a n  one e l e c t r o n i c  b an d .
I n d e e d ,  on c l o s e  i n s p e c t i o n  o f  t h e i r  s p e c t r u m ,  t h e r e  a p p e a r s  t o  
be a  low i n t e n s i t y  band a t  a b o u t  11.5kK n o t  p o i n t e d  o u t  by them .
The second  band a t  17 .00kK showed no s p l i t t i n g  w h a t e v e r .  The 
s o - c a l l e d  " t h i r d  band"  a t  25.00kK was s p l i t  i n t o  a t  l e a s t  5 
com ponen ts  w i t h  a  s e p a r a t i o n  o f  ;sa7kK.. They c o n s i d e r e d  t h i s  
s p l i t t i n g  a v i b r a t i o n a l  p r o g r e s s i o n  and a s s i g n e d  t h e  w ho le  band a s  
e i t h e r  a  c h a r g e - t r a n s f e r  band o r  a  v a n a d y l  i n t e r n a l  t r a n s i t i o n  
r a t h e r  t h a n  a  t r a n s i t i o n  w i t h i n  t h e  a c e t y l a c e t o n e  l i g a n d  s y s te m  
i t s e l f .  A new f e a t u r e  i n  t h e  s p e c t r u m  o f  V C K a c a c ^ ,  e x c l u d i n g  
t h e  t h r e e  p r e v i o u s l y  m e n t io n e d  b a n d s ,  w ere  two f a i r l y  s h a r p  bands  
a t  a p p r o x i m a t e l y  23kK, s p l i t  by  a b o u t  .35kK.  The a u t h o r s  o f f e r e d  
s e v e r a l  e x p l a n a t i o n s  f o r  t h e s e  two b a n d s .  F i r s t ,  t h e y  c o u ld  be 
co m p o n en t s  o f  a  s p i n - a l l o w e d  v a n a d y l  b a n d .  They d i d  n o t  e n d o r s e  
t h i s  e x p l a n a t i o n  b e c a u s e  t h e s e  b a n d s  w e re  much s h a r p e r  t h a n  t h o s e  
u s u a l l y  o b s e r v e d  f o r  v a n a d y l .  S e c o n d l y ,  t h e s e  two b an d s  cou ld  
be s p i n - f o r b i d d e n  a c e t y l a c e t o n e - t o - v a n a d y l  c h a r g e - t r a n s f e r  
t r a n s i t i o n s .  T h ese  b a n d s ,  how ever ,  a r e  a t  a  l o w e r  f r e q u e n c y  th a n  
i s  u s u a l l y  e x p e c t e d  f o r  such  a c e t y l a c e t o n a t e  t r a n s i t i o n s .  And
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f i n a l l y  t h e y  p r o p o s e d  t h a t  t h e s e  two b a n d s  c o u ld  be I n t e r n a l
l i g a n d  bands  ( p r o b a b l y  s p i n - f o r b i d d e n  rr -* ff* t r a n s i t i o n s ) .
20W entwor th  and P i p e r  o b t a i n e d  a low t e m p e r a t u r e  p o l a r i z e d
s p e c t r u m  o f  VOCjfc” i n  v a r i o u s  d i l u e n t  c r y s t a l s .  Only  i n  t h e  c a s e
o f  t h e  d i l u e n t  c r y s t a l ,  w e re  t h e y a b l e  t o  g e t
a l i g n m e n t  o f  t h e  VOC£~ i o n  w i t h  th e  u n iq u e  a x i s  o f  t h e  t e t r a g o n a l
u n i t  c e l l .  From t h e  a u t h o r s  own d e f i n i t i o n  o f  Ds and D t ,  t h e y
c o n c lu d e d  t h a t  t h e s e  two q u a n t i t i e s  must be n e g a t i v e .  They th e n
p r o p o s e d  t h a t  a l l  d -d  t r a n s i t i o n s  c o u ld  n o t  p o s s i b l y  l i e  be low
20kK, s i n c e  t h i s  would  r e q u i r e  a  p o s i t i v e  D t .  From t h e i r
p o l a r i z a t i o n  s p e c t r a  t h e y  a s s i g n  t h e  f i r s t  b a n d ,  a t  15.50kK,
a s  t h e  b^ -* e *  t r a n s i t i o n  s i n c e  i t  i s  i n d e p e n d e n t  o f  t e m p e r a t u r e .
The p a r a l l e l  p o l a r i z a t i o n  g i v e s  a t e m p e r a t u r e  d e p e n d e n t  band
a t  16.20kK w hich  i s  a s s i g n e d  a s  t h e  b^ -* b*  t r a n s i t i o n .  The
b 2 a l  t r a n s i -t : ion  was a s s i g n e d  a t  a b o u t  50 .00kK.
Some s u p p o r t  f o r  t h e  B a l l h a u s e n - G r a y  scheme was found  i n
21t h e  c o n c l u s i o n s  o f  J o n e s  and L a r s e n  f rom  t h e i r  work  on c i r c u l a r
d i c h r o i s m  o f  d i s s y m m e t r i c  v a n a d y l  c o m p le x e s .  The r e a s o n  f o r
c a r r y i n g  o u t  t h e  c i r c u l a r  d i c h r o i s m  s t u d i e s  was t h e  f a c t  t h a t  two
c om ponen t s  co u ld  be o b s e r v e d  even  i f  t h e  s p l i t t i n g  was  a s  s m a l l
a s  100 cm They r a n  a  s o l u t i o n  o f  v a n a d y l  s u l f a t e  and R - l a c t i c
a c i d . a t  pH o f  3 .  They c o n c lu d e d  t h a t  t h e r e  were  t h r e e  b an d s  i n
t h e  10 - 20kK r e g i o n  due t o  t h e  d e g e n e r a t e  b_ -* e*  t r a n s i t i o n  and
z  TT
t h e  b^ -* b*  t r a n s i t i o n .  A band a t  28kK was a s s i g n e d  by t h e
a u t h o r s  a s  t h e  b^ -» a*  t r a n s i t i o n .  However,  some o f  t h e i r  c o n c l u s i o n s
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a r e  a l m o s t  s u r e l y  I n v a l i d a t e d  by  t h e  r e c e n t  d i s c o v e r i e s  c o n c e r n i n g
t h e  m o l e c u l a r  s t r u c t u r e s  o f  t a r t r a t e  (and  p r e s u m a b l y  r e l a t e d )
com plexes  m e n t io n e d  e a r l i e r  ( s e e  page  11 ) .
22S a c c o n i  and C a m p lg l l  p r e p a r e d  a v a r i e t y  o f  v a n a d y l  com plexes
w i t h  c h e l a t e s  made f rom  s a l i c y l a l d e h y d e  and N, N ' - d i s u b s t i t u t e d
e t h y l e n e d l a m i n e s ,  and t h e y  o b t a i n e d  t h e i r  s p e c t r a  i n  CHC£^( r e f l e c t a n c e
and i n  p y r i d i n e .  I n  g e n e r a l ,  t h e  com plexes  i n  CHCX^ o r  by r e f l e c t a n c e
e x h i b i t  t h r e e  b an d s  be low 20kK. The a p p r o x i m a t e  p o s i t i o n s  o f  t h e s e
b a n d s  a r e  1 1 .5 -1 2 k K ,  1 6 . 6 5 - 1 6 . 95kK and 1 8 . 2 0 - 19 .05kK.  T h e re  i s  a
n o t i c a b l e  change  i n  t h e  s p e c t r a  o f  t h e s e  compounds i n  p y r i d i n e
s o l u t i o n .  The two h i g h e r  e n e r g y  b an d s  a r e  r e l a t i v e l y  u n a f f e c t e d
b u t  t h e  low e n e r g y  band s h i f t s  t o  a b o u t  13 .7kK.  A l s o  n o t i c a b l e
w i t h  t h i s  s h i f t  i s  t h e  a p p e a r a n c e  o f  a f o u r t h  band a s  a s h o u l d e r
on t h e  13.7kK band a t  a b o u t  11 .5kK.  T h i s  c o u ld  be a t t r i b u t e d  t o
a s p l i t t i n g  o f  t h e  e*  r e p r e s e n t a t i o n .  T h i s  t h e n  g i v e s  f o u r  bands
b e low  20k£,  a t  room t e m p e r a t u r e .  The a u t h o r s  s t a t e d  t h a t  t h i s
c o u ld  be i n t e r p r e t e d  by t h e  " c l u s t e r e d  l e v e l "  scheme o f  O r t o l a n o ,
4
S e l b i n  and McGlynn .
23G a rv ey  and R a g s d a l e  p r e p a r e d  v a r i o u s  com plexes  o f  v a n a d y l
w i t h  s u b s t i t u t e d  p y r i d i n e  N - o x i d e s .  They o b t a i n e d  com plexes  o f
2+  2+g e n e r a l  f o r m u l a  VOL^ o r  VOL,, f o r  r i n g - a c t i v a t i n g  s u b s t i t u e n t s  
and com plexes  o f  g e n e r a l  fo r m u la  ^  = B r * Cj^  ’ f ° r
r i n g - d e a c t i v a t i n g  s u b s t i t u e n t s .  The h i g h e r  c o o r d i n a t i o n  was 
o b t a i n e d  i n  a l l  c a s e s  w here  p e r c h l o r a t e  was t h e  a n i o n .  The a u t h o r s
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n o t e d  t h a t  s o l u t i o n  s p e c t r a  o f  t h e s e  s p e c i e s  were  s o l v e n t  d e p e n d e n t
and c h o se  p r i m a r i l y  t o  r u n  n u j o l  m u l l  s p e c t r a .  They u s u a l l y
o b s e r v e d  two b a n d s ,  one a t  a b o u t  12.5kK - 13.5kK and t h e  second
a t  a r o u n d  16.0kK -  17 .5kK .  I n  some c a s e s  t h e y  n o t e d  o n l y  one
band a t  a p p r o x i m a t e l y  1 5 .5 - 1 6 .5 k K .  The a u t h o r s  d id  n o t  make
any band a s s i g n m e n t s  o r  do an y  low t e m p e r a t u r e  w ork .
24Kuska and R o g e r s  c o n c lu d e d  f rom e . s . r .  and  p o l a r i z a t i o n
d a t a ,  t h a t  t h e  16kK band i n  V 0 ( S 0 , ) • 5H^0 i s  t h e  b_ (d  ) -» a * ( d  y)4 2 2 x y '  1 z*
t r a n s i t i o n .  The a u t h o r s  o b t a i n e d  a s p e c t r u m  o f  VOSO^ i n  warm 
DMF w h ic h  c o u ld  be r e s o l v e d  i n t o  t h r e e  p e a k s  a t  12 .6kK, 1 5 . 2kK
and 18 .0kK,  w h ic h  t h e y  a s s i g n e d  t o  t h e  t r a n s i t i o n s  xy -► ( x z ,  y z ) ,
2 2 2 xy  -• ( x  - y  ) ,  and  xy  -* z , r e s p e c t i v e l y .  They assumed t h a t
2+t h e y  s t i l l  had t h e  VOCl^O)^ s p e c i e s  i n  s o l u t i o n .  From t h e i r
d a t a  t h e y  c o u ld  n o t  c o m p l e t e l y  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  t h e
18.0kK band i s  due t o  a c h a r g e - t r a n s f e r  t r a n s i t i o n  w i t h  c h a r a c t e r i s t i c s
s i m i l a r  t o  th e  d -* d 0 t r a n s i t i o n ,xy zz
25K i l t y  and N i c h o l l s  p r e p a r e d  and r a n  t h e  e l e c t r o n i c  r e f l e c t a n c e  
s p e c t r a  o f  s e v e r a l  o x o c h l o r o v a n a d y l  c o m p le x es .  The compounds 
w e re  o f  t h e  g e n e r a l  t y p e s  M^VOCZ^ * xH2°» = PyH+> q u i n  H+ ,
i s o q u i n  H+ , NH^, K+ o r  Cs+ and x = 0 ,  1 o r  2 ) ,  and MVOCi^ • xH^O 
(M = He^N+ , Et^N+ , q u i n  H+ ; x  = 0 ,  1 . 5 ,  2,  o r  3 ) .  The r e f l e c t a n c e  
s p e c t r a  o f  t h e s e  com plexes  e a c h  g i v e  a peak  a t  a b o u t  13.8kK, 
w h ic h  h a s  a low e n e r g y  s h o u l d e r  a t  a r o u n d  12 .0kK,  and a n o t h e r  peak  
a t  24 .0kK.  U s in g  t h e  r e v e r s a l  o f  e n e r g y  o r d e r  o f  t h e  e*  and b*
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o r b i t a l s ,  a s  p r e d i c t e d  by S e l b l n ,  Holmes and  McGlynn , t h e y  a s s i g n e d
th e  13.8kK band a s  b -* e*  and t h e  12.0kK s h o u l d e r  a s  b« -* b * .
2  TT 2  1
The band a t  24.0kK was a s s i g n e d  a s  t h e  b^ — a £  t r a n s i t i o n .  The 
a u t h o r s  a s s i g n e d  t h e  13.8kK band a s  t h e  b„  — e *  t r a n s i t i o n  s i n c e
2  TT
I t  I s  o r b l t a l l y  a l l o w e d  and sh o u ld  be most I n t e n s e .  In  a few
c a s e s  w here  M was K o r  Cs , t h e  a u t h o r s  n o t e d  a r e v e r s a l  I n  t h e
I n t e n s i t y  o f  t h e s e  f i r s t  two b a n d s .  In  t h e s e  c a s e s  t h e y  assumed
t h a t  th e  f i r s t  two t r a n s i t i o n s  w ere  b„  -* e *  and b„  -* b* w h ic h  i s
2  tt 2  1 ’
t h e  same a s  t h e  B a l l h a u s e n 'G r a y  scheme.
26Z e r n e r  and G outerman  d i d  e x t e n d e d  Hiickel c a l c u l a t i o n s  on
v a n a d y l  p o r p h y r i n .  They p e r fo rm e d  c a l c u l a t i o n s  w i t h  ( I )  van ad iu m
s i t t i n g  i n  t h e  porphyr in  p l a n e ,  ( I I )  t h e  v an ad iu m  .4 9 2 ^  above  t h e
p l a n e  ( s i m i l a r  t o  f e r r i c  p o r p h y r i n s )  and ( I I I )  w i t h  t h e  v an ad iu m
. 7 4 ^  above  t h e  p l a n e  ( o b t a i n e d  f ro m  t h e  known g eo m e t ry  o f  V O C a c a c ^ ) .
The c a l c u l a t i o n  f o r  t h e  t h i r d  c a s e  g i v e s  th e  f o l l o w i n g  t r a n s i t i o n s ;
^b~ -► ^e*  a t  a b o u t  l l .O k K ,  ^b_ -* ^a* a t  a b o u t  18.3kK and
2 g  tt 2 g  l g
^b„ -* ^b* be tw een  33.2kK f o r  c a s e  I  t o  19.5kK f o r  c a s e  I I I .
2g lg
2
The c a l c u l a t i o n s  i n  a l l  t h r e e  c a s e s  p r e d i c t  t h a t  t h e  a ^  l e v e l
2
s h o u ld  l i e  be low  t h e  b ^  l e v e l .  T h i s ,  o f  c o u r s e ,  i s  q u i t e  d i f f e r e n t
f rom  t h e  B a l l h a u s e n - G r a y  o r  t h e  O r t o l a n o - S e l b i n - M c G l y n n  schem es .
They t h e n  r e c a l c u l a t e d  c a s e  I I I  w i t h  a w a t e r  m o le c u le  2.oX be low
t h e  p l a n e  i n  t h e  s i x t h  p o s i t i o n ,  and o b t a i n e d  t h e  same e n e r g y
2
l e v e l  schem e.  S i n c e  t h e  b*  (d x 2 l e v e l  i s  s t r o n g l y  l i g a n d
d e p e n d e n t ,  t h e  a u t h o r s  p o s t u l a t e d  t h a t  t h e  p o r p h y r i n  l i g a n d  ( f o u r  
n i t r o g e n s )  c a u s e s  s t r o n g e r  p e r t u r b a t i o n s  t h a n  t h e  w a t e r s  ( f o u r
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o x y g en s )  upon w h ic h  B a l l h a u s e n  and Gray  b a se d  t h e i r  c a l c u l a t i o n s .
2
T h i s  t h e y  s a y  i s  w ha t  h a s  r a i s e d  t h e  b*^ o r b i t a l  i n  e n e r g y .
27R e c e n t l y ,  Y eranos  , from t e m p e r a t u r e  d e p e n d e n t  p o l a r i z a t i o n
s p e c t r a  on VOCacac)^ ,  p ro p o s e d  t h e  f o l l o w i n g  a s s i g n m e n t s  f o r  t h e
t h r e e  o b s e r v e d  t r a n s i t i o n s ;  ( I )  d -* d ( 1 2 . 1 k K ) ,  ( I I )  d -» dxy xz '  * '  xy yz
(14 .3 k K )  and ( I I I )  d ^  -• d ^  ( 1 7 . 3 k K ) .  He a s s i g n e d  t h e  d -* d ^  y2 
t r a n s i t i o n  t o  be somewhere b e tw een  14.3kK and 17 .3kK.  The a u t h o r  
d e n i e s  t h a t  s t r u c t u r e  i n  t h e  14.3kK band i s  e l e c t r o n i c ,  s i n c e  t h i s  
w ould  g i v e  f i v e  d -d  bands  i n  t h e  12 t o  17kK r e g i o n ,  w h ic h ,  o f  
c o u r s e ,  i s  n o t  p o s s i b l e .
28Bontchev  and N ik o lo v  r a n  t h e  s p e c t r a  o f  t h e  van ad iu m
a c t i v a t o r  com p lex es  w h ic h  t h e y  w e re  w o r k in g  on .  They w ere  a t t e m p t i n g
-o  e l u c i d a t e  t h e  b e h a v i o r  o f  some a c t i v a t o r s  i n  homogenous c a t a l y s i s
by means o f  M o l e c u l a r  O r b i t a l  T h e o ry  and t h e  e l e c t r o n i c  s p e c t r a  o f
the com plexes  formed b e tw een  t h e  c a t a l y s t  and t h e  a c t i v a t o r .  The
a c t i v a t o r s  w ere  o x a l a t e ,  c i t r a t e  and s u l p h o s a l i c y l a t e . They assumed
t h e  a c t i v a t o r  com plexes  w ere  symmetry  w i t h  f o r m u la  VOCL^
(L = o x a l a t e ,  c i t r a t e  o r  s u l p h o s a l i c y l a t e ) .  They c o n c lu d e d  t h a t  i f
l i g a n d s  w h ich  form s t r o n g  n - b o n d s  a r e  u s e d ,  t h a t  t h e  b^  l e v e l  i s
no l o n g e r  n o n - b o n d i n g ,  b u t  fo rm s  n - b o n d s  w i t h  t h e  m o l e c u l a r  o r b i t a l
o f  t h e  a c t i v a t o r .  They t h e n  p o s t u l a t e d  t h a t  t h e  g ro u n d  s t a t e  f o r
com plexes  w i t h  t h e s e  v a r i o u s  a c t i v a t o r s  employed  w ould  be e .
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C. EXPERIMENTAL
1. P r e p a r a t i o n  o f  Complexes
a .  V O (hfa ) 2 • ^ 0 . S y rupy  v a n a d y l  c h l o r i d e  was made by h e a t i n g  
20 grama o f  i n  a m i x t u r e  o f  110ml.  o f  c o n c e n t r a t e d  HC£ and
100 m l .  o f  957. e t h a n o l .  The r e s u l t a n t  m i x t u r e  was b o i l e d  t o  a 
s m a l l  vo lu m e ,  y i e l d i n g  a t h i c k  b l u e  s y r u p .  A t t e m p t s  t o  b o i l  t h i s  
m a t e r i a l  t o  d r y n e s s  r e s u l t e d  i n  o x i d a t i o n  o f  t h e  v a n a d y l  c h l o r i d e .  
S o l u t i o n s  o f  t h e  v a n a d y l  c h l o r i d e  a r e  f a l t l y  a c i d i c  and a b a se  
was u sed  t o  r a i s e  t h e  pH t o  a p p r o x i m a t e l y  f i v e .  The b a s e s  t r i e d  
w ere  ammonium h y d r o x i d e ,  sodium c a r b o n a t e  o r  sod ium a c e t a t e .
Ammonium h y d r o x i d e  and sod ium c a r b o n a t e  gave v e r y  p o o r  o r  no
y i e l d s  a t  a l l  o f  t h e  d e s i r e d  complex and so sod ium  a c e t a t e  was
u s e d .  D u r in g  s e v e r a l  p r e p a r a t i o n s  a w h i t e  m a t e r i a l  was o b t a i n e d
w h ic h  t u r n e d  o u t  t o  be t h e  h y d r o l y s i s  p r o d u c t  of  h e x a f l u o r o a c e t y l a c e t o n e .
A f t e r  t h e  pH was a d j u s t e d ,  a s l i g h t  e x c e s s  (> 2 :1  mole r a t i o )  of
l i q u i d  h e x a f l u o r o a c e t y l a c e t o n e  was a d d e d .  T h i s  formed a l a y e r
on t h e  b o t t o m  w h ic h  t u r n e d  g r e e n  and s o l i d i f i e d  t o  a g r e e n  powder
a f t e r  s e v e r a l  m i n u t e s  o f  s t i r r i n g .  The s o l i d  was f i l t e r e d ,  washed
w i t h  w a t e r  and p u r i f i e d  by vacuum s u b l i m a t i o n ,  y i e l d i n g  a l i g h t
g r e e n  m i c r o c r y s t a l l i n e  pow der .  ( C a l c ,  f o r  VO(C_H.0„F,)  • H.O3 1 2  6 2 2
7jC 2 4 . 0 6 ,  %H 0 . 8 3 ,  %F 4 5 . 6 8 ;  Found 7jC 2 4 . 4 0 ,  7J1 1 . 3 6 ,  7J  4 5 . 3 8 ) .
The a n a l y s i s  a g r e e s  w e l l  f o r  one w a t e r  m o l e c u l e .  The i n f r a r e d  
s p e c t r u m  o f  t h e  s u b l im e d  p r o d u c t  r e v e a l s  an  0-H s t r e t c h  due t o  a 
w a t e r  m o l e c u l e ,  and t h e  N.M.R. s p e c t r u m  shows a p r o t o n  s h i f t
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i n d i c a t i v e  o f  a bound w a t e r  m o l e c u l e .
b .  VOCdpm)^. T h i s  compound was p r e p a r e d  by t h e  same g e n e r a l  
p r o c e d u r e  a s  o u t l i n e d  above f o r  the  VOChfa)^ • 1̂ 0 . I t  was a l s o  
p u r i f i e d  by  vacuum s u b l i m a t i o n  y i e l d i n g  n i c e l y  formed g r e e n  c r y s t a l s .  
B o th  t h e  a n a l y s i s  and t h e  i n f r a r e d  s p e c t r u m  i n d i c a t e  t h a t  t h i s  
compound i s  a n h y d r o u s .  ( C a l c ,  f o r  V O C C ^ H ^ g t ^ ^  7jC 6 0 . 8 5 ,  7M 8 . 8 4 ;  
Found 7JZ 6 0 . 5 2 ,  %H 8 . 7 9 ) .
c .  (NH^)^VOCtart )  • I^O.  T h i s  compound was p r e p a r e d  by th e
29method o f  Conn
d .  A l l  o t h e r  v a n a d y l  com plexes  u sed  i n  t h i s  s t u d y  were
30p r e p a r e d  by th e  m ethods  o f  Holmes
2. S p e c t r a l  M easurem en ts
I n f r a r e d  s p e c t r a  were  r e c o r d e d  u s i n g  e i t h e r  a Beckman IR-7 
o r  a  P e r k i n - E l m e r  Model 21 em p lo y in g  NaCjJ o p t i c s .  The s p e c t r a  
w ere  r u n  a s  N u jo l  m u l l s ,  be tw een  NaC£ p l a t e s .
Most s o l v e n t s  used  f o r  room t e m p e r a t u r e  s o l u t i o n  s p e c t r a  o r  
f o r  f r o z e n  (77°K) g l a s s e s  were  e i t h e r  o f  a c h r o m a t o g r a p h i c  o r  
s p e c t r o s c o p i c  g r a d e  f rom  M atheson ,  Coleman and B e l l .  The 
n - b u t a n o l  used  was f l u o r o m e t r i c  g r a d e  f rom  H a r l e c o .  The a b s o l u t e  
e t h a n o l  u sed  was r e a g e n t  g r a d e  q u a l i t y  f rom  U n i t e d  S t a t e s  I n d u s t r i a l  
C h e m ic a l s  Co. A l l  o t h e r  I n o r g a n i c  r e a g e n t s  used  w ere  r e a g e n t  
g r a d e  q u a l i t y  o r  b e t t e r .
A l l  e l e c t r o n i c  s p e c t r a  w ere  r e c o r d e d  on a C ary  14 R e c o r d in g  
S p e c t r o p h o t o m e t e r ,  e x c e p t  f o r  t h e  r e f l e c t a n c e  s p e c t r a ,  w h ic h  were
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o b t a i n e d  on a Beckman D.U. manual s p e c t r o p h o t o m e t e r  w h ich  was 
f i t t e d  w i t h  a s t a n d a r d  r e f l e c t a n c e  a t t a c h m e n t .
L i q u i d  n i t r o g e n  t e m p e r a t u r e  s p e c t r a  were  o b t a i n e d  i n  t h r e e  
m e d ia :  N u jo l  m u l l s ,  a l k a l i  h a l i d e  p e l l e t s  and f r o z e n  o r g a n i c
s o l v e n t  m i x t u r e  g l a s s e s .  The m u l l ,  p e l l e t  o r  g l a s s  m i x t u r e  was 
mounted on a b r a s s  p l a t e  w h ich  was t a i l o r e d  t o  f i t  an  o p t i c a l  
q u a r t z  d e w ar .  The dewar  i n  t u r n  was f i t t e d  t o  t h e  C ary  14 sample  
compar tment*  The u s u a l  p r o c e d u r e  was f i r s t  t o  ru n  th e  sample  a t  
room t e m p e r a t u r e .  Then l i q u i d  n i t r o g e n  was added  t o  t h e  Dewar and ,  
a f t e r  a l l o w i n g  s e v e r a l  m i n u t e s  f o r  t h e r m a l  e q u i l i b r i u m ,  t h e  sample  
s p e c t r u m  was t h e n  ru n  a t  77°K. The N u jo l  m u l l s  were  ru n  on f i l t e r  
p a p e r  a g a i n s t  a b l a n k  o f  N u jo l  on f i l t e r  p a p e r .  The a p p r o p r i a t e  
a l k a l i  h a l i d e  p e l l e t s  w ere  used  a s  b l a n k s  f o r  t h e  p e l l e t  s p e c t r a .
I n  some i n s t a n c e s  where  t h e  a b s o r p t i o n  was t o o  g r e a t ,  one o r  more 
i n e r t  s c r e e n s  a l s o  had t o  be i n s e r t e d  i n  t h e  r e f e r e n c e  beam t o
b r i n g  t h e  s p e c t r u m  on s c a l e .
S e v e r a l  a t t e m p t s  were  made t o  o b t a i n  a v a p o r  s p e c t r u m .  The 
f i r s t  a t t e m p t s  w ere  made u s i n g  a one m e t e r  p a t h l e n g t h  c e l l .  The
f i r s t  b i g  d rawback  t o  t h i s  m e te r  c e l l  was t h a t  some unknown compound
had been  a b s o r b e d  i n t o  t h e  m i r r o r  o f  t h e  c e l l .  T h e r e f o r e ,  t h e  c e l l  
i t s e l f  gave  a " s p e c t r u m "  i n  t h e  r e g i o n  o f  i n t e r e s t .  R ep ea ted  
a t t e m p t s  t o  wash o u t  t h e  i m p u r i t y  were  u n s u c c e s s f u l .  Assuming 
t h a t  t h e  b a s e l i n e  o f  t h e  c e l l  cou ld  be s u b t r a c t e d  f rom  t h e  f i n a l  
s p e c t r u m ,  f u r t h e r  a t t e m p t s  w ere  made t o  o b t a i n  v a p o r  s p e c t r a .
The second  b i g  p ro b e lm  w h ic h  a r o s e  was i n a b i l i t y  t o  m a i n t a i n  a 
vacuum i n  t h e  c e l l .  A f t e r  d i s a s s e m b l i n g  t h e  c e l l  many t i m e s ,  
t h e  c u l p r i t  was found t o  be a f a u l t y  O - r i n g .  The t h i r d  b i g  
h u r d l e  was t h e  i n a b i l i t y  t o  h e a t  t h e  c e l l  u n i f o r m l y  o r  to  c o n t r o l  
t h e  h e a t i n g  u n i t .  The l a t t e r  p ro b le m  was s o l v e d  b u t  t h e  fo r m e r  
p ro b le m  was to o  d i f f i c u l t  t o  o v e rcom e.  The c e l l  had a s i d e  arm 
w hich  had t o  be h e a t e d  w i t h  a h e a t i n g  t a p e  w h i l e  t h e  main body 
o f  th e  c e l l  was h e a t e d  by a t h e r m o s t a t .  I f  t h e  t e m p e r a t u r e  i n  
t h e  body was much g r e a t e r  t h a n  t h e  s i d e  arm, t h e  compound 
would  n o t  v a p o r i z e  i n t o  t h e  c e l l .  On t h e  o t h e r  h an d ,  i f  t h e  s i d e  
arm t e m p e r a t u r e  was g r e a t e r  th a n  t h e  body t e m p e r a t u r e ,  th e  compound 
would  c r y s t a l l i z e  o n t o  t h e  m i r r o r s  and l e n s .  Due t o  t h e  above 
p r o b l e m s ,  some o f  w h ich  w ere  n e v e r  s a t i s f a c t o r i l y  s o l v e d ,  a t t e m p t s  
t o  o b t a i n  a v a p o r  s p e c t r u m  w i t h  t h e  m e te r  c e l l  were  a b an d o n e d .  The 
n e x t  a t t e m p t  to  o b t a i n  a v a p o r  s p e c t r u m  was by s e a l i n g  t h e  sam p les  
u n d e r  r e d u c e d  p r e s s u r e s  i n  a 10 cm. q u a r t z  c e l l  and h e a t i n g  th e
c e l l  i n  a h e a t i n g  u n i t  d e s i g n e d  f o r  t h e  Cary  14. The VOChfa)^ *
- 4  - 5was s e a l e d  a t  10 mm Hg and t h e  VOCdpm)^ a t  10 mm Hg. S p e c t r a
were  o b t a i n e d  i n  5-10 d e g r e e  i n t e r v a l s  up t o  160°C. T h i s  method
s u f f e r e d  one b i g  d ra w b ac k ;  c r y s t a l s  formed on t h e  c e l l  f a c e s  w hich
w ere  t h e  c o o l e s t  p a r t s  o f  t h e  c e l l .  To c i r c u m v e n t  t h i s  d i f f i c u l t y
a new a p p a r a t u s  was d e s i g n e d  w h ic h  would h e a t  t h e  c e l l  u n i f o r m l y .
The new a p p a r a t u s  c o n s i s t e d  o f  a n  o u t e r  g l a s s  s h e l l  t o  f i t  
a round  t h e  c e l l .  T h i s  s h e l l  had two h a l v e s  w i t h  a g r o u n i  g l a s s
j o i n t  in  t h e  m i d d l e .  A f t e r  j o i n i n g  t h e s e  h a l v e s  a ro u n d  t h e  c e l l  
and  w i r i n g  them t o g e t h e r ,  a c l e a r  o i l  was added  t h r o u g h  an o r i f i c e  
a t  t h e  t o p  u n t i l  t h e  c e l l  was c o m p l e t e l y  Immersed. T h i s  a s s u r e d  a 
u n i f o r m  h e a t i n g  o f  t h e  c e l l  and no compound was o b s e r v e d  t o  
c r y s t a l l i z e  on t h e  w indow s.  The c e l l  was wrapped  w i t h  a h e a t i n g  
t a p e  w h ic h  was p lu g g e d  i n t o  a V a r l a c .  The t e m p e r a t u r e  was 
d e t e r m i n e d  by i n s e r t i n g  a th e rm o m e te r  t h r o u g h  t h e  same o r i f i c e  
t h r o u g h  w h ich  t h e  o i l  was a d d ed .  A f t e r  t h e r m a l  e q u i l i b r i u m  was 
o b t a i n e d ,  th e  s p e c t r u m  was r u n .  The V a r i a c  was t h e n  t u r n e d  up 
and a s p e c t r u m  o b t a i n e d  a t  a n o t h e r  h i g h e r  t e m p e r a t u r e  by th e  
same p r o c e d u r e .  By t h i s  method s p e c t r a  were  o b t a i n e d  up t o  ab o u t
D. RESULTS AND DISCUSSION
I .  S o l u t i o n  S p e c t r a
The d a t a  o b t a i n e d  f rom  s o l u t i o n  s p e c t r a  o f  VO(dpm)^ and
VO(hfd ) 2 a t  room t e m p e r a t u r e  a r e  t a b u l a t e d  I n  T a b l e s  1 and 2.
Two b a n d s ,  one b e tw ee n  1 2 .5  and 15.5kK and t h e  o t h e r  a round
16.5kK, a r e  a lw ay s  o b s e r v e d  In  s o l u t i o n  s p e c t r a  o f  VO(dpm)2«
I n  a d d i t i o n  t o  t h e s e  b a n d s ,  a n o t h e r  band o f  low i n t e n s i t y  i s
som et im es  o b s e r v e d  a s  a r e d  s h o u l d e r  on t h e  1 2 . 5 - 1 5 . 5kK band .
I t  may be n o t i c e d  t h a t  i n  a l l  c a s e s  e x c e p t  p i p e r i d i n e ,  t h i s  bpnd
i s  o n l y  o b s e r v e d  when t h e  " f i r s t ” band i s  b l u e - s h i f t e d  t o  e n e r g i e s
o f  a b o u t  15kK. F i g u r e  3 g i v e s  a c o m p ar i so n  o f  t h e  s p e c t r u m  o f
VO(dpm) 2 i n  a s t r o n g  and weak l i g a t i n g  s o l v e n t .  I n  a d d i t i o n  to
t h e s e  t h r e e  b a n d s ,  a f o u r t h  band i s  u s u a l l y  o b s e r v e d  a ro u n d  25 .0kK.
I n  s e v c i a l  s o l v e n t s  t h i s  band was  n o t  o b s e r v e d  and  was p re s u m a b ly
c o v e r e d  by t h e  i n t e n s e  u l t r a v i o l e t  a b s o r p t i o n  band w h ic h  s e t s  i n
n e a r  25 .0kK .  T h i s  band i s  somewhat more i n t e n s e  t h a n  t h e  o t h e r
t h r e e  and a p p e a r s  t o  be a f f e c t e d  l i t t l e  by s o l v e n t  c h a n g e s .
The l a s t  column i n  T a b le  1 i s  t h e  f r e q u e n c y ,  l i t e r a l l y ,  t h e
wave number d i f f e r e n c e  b e tw een  t h e  maxima o f  bands  " I "  and " I I " .
31T h i s  i s  t h e  e m p i r i c a l  p a r a m e t e r  t h a t  O r t o l a n o  used  t o  r a n k  
s o l v e n t s  a c c o r d i n g  t o  l i g a n d  s t r e n g t h .  T a b le  3 p r e s e n t s  a c o m p ar i so n  
o f  t h i s  p a r a m e t e r ,  f ° r  V O ( a c a c ) 2 , VO(dpm) 2 and V O (hfa>2 • H2<).
I t  can  be s e e n  f rom  t h i s  t a b l e  t h a t  t h e  s o l v e n t  r a n k i n g  f o r  
VO(dpm) 2 i s  e s s e n t i a l l y  t h e  same a s  f o r  V O ( a c a c ) 2 , w i t h  a few
28
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F i g u r e  3: VOCdpin)^ i n  h e p t a n e  and DMF.
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SOLUTION DATA FOR VOCdpmK. BAND MAXIMA IK kK
S o l v e n t  Medium Red S h o u ld e r  
on
it jd
It jM "II" "III" Du - i
D im e th y1formamide ----- 12.86 16.67 24.10 3.81
P y r i d i n e ----- 12.91 17.34 ----- 4.43
P i p e r i d i n e »sL2.10 s m a l l  sh 13.10 17.20 23.05 4.10
G l a c i a l  a c e t i c ----- 13.60 16.00 ----- 2.40
T.H.F .® 10.00 14.23 16.72 ----- 2.52
N i t r o m e t h a n e sJ.2.00 14.54 16.55 ----- 2.01
A c e t o n i t r i l e «J.2.00 14.68 16.58 24.81 1.90
C h l o r o f o r m ----- 14.90 16.42 25. OOsh 1.52
Benzene *4.1.80 15.15 16.67 25.00 1.52
T o lu en e « a 2 .o o 15.15 16.67 25.00 1.52
Heptane *4-2.10 15.29 16.70 25.00 1.41
E t h y l  E t h e r *5 15.38 16.75 ----- 1.37
cM ethano l  
I s o p r o p a n o l  
E tO H (d eo x y g en a ted ) e 13.30 16.63 ----- 3.33
a )  Goes from l i g h t  g r e e n  on s o l u t i o n  t o  maroon to  d a r k  g r e e n .
b) G r e e n - b l a c k  s o l u t i o n .
c) Ye l low  on s o l u t i o n  i n d i c a t i n g  o x i d a t i o n .
d) Red q u i c k l y  f a d i n g  t o  y e l l o w  on s o l u t i o n .
e) R e l i a b i l i t y  d o u b t f u l  s i n c e  t h e  s o l u t i o n  t u r n s  y e l l o w  a f t e r  
1 0 -15  m i n u t e s .
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TABLE 2
SOLUTION DATA FOR VCKhfaK » H..O. BAND MAXIMA. IN kK
Medium
Red S h o u l d e r  
on
111 ft
M jtl " I I " " I I I "
d h - i
£
D i m e t h y l s u l f o x i d e 12 .40 15 .37 2 0 . 10 2 .97
D im ethy1formamide ^ 1 1 . 5 0 13 .00 1 6 .1 2 2 0 .6 0 2 1 . 5 0 sh 3 . 1 2
50% DMF-507«CHCi3 sh 1 3 .5 0 16 .2 0 2 0 .7 0 2 1 . 30sh 2 .7 0
G l a c i a l  A c e t i c 1 3 .7 5 1 5 .8 8 2 0 .9 0 sh 2 .1 3
M eth an o l  £ 1 3 . 8 0 * 1 7 . 25sh 2 0 .8 0 3 .4 5
6:1  i s o p e n t a n e  
n - b u t a n o l 13.87 16 .10 2 0 .7 8 b l . s h . 2 . 2 3
A c e t o n i t r i l e - 13 .9 0 16 .2 0 2 0 .70 b l . s h . 2 .3 0
E t h a n o l 1 1 .90 1 4 .1 5 1 6 .3 4 2 0 .6 0 2 .1 0
Benzene
' b
P y r i d i n e
(=a!2 . 0 0 1 4 .2 0 1 6 .3 0 2 0 .7  5 2 . 1 0
CHC£ 3 13 .89 1 6 .4 0 2. 51
a )  B row nish  c o l o r  on d i s s o l u t i o n .
b) G iv e s  a r e d  s o l u t i o n  w i t h  an i n t e n s e  band a t  20.5kK.
c) G iv es  a y e l l o w  s o l u t i o n .
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TABLE 3
D FOR V O ( a c a c ) 2 . VOCdpm). AND V O f h f a ) .  « H20 
IN VARIOUS SOLVENTS
Medium a c a c dpm h f a
P y r i d i n e 4 .  39 4 . 4 3 t u r n s  r e d
E t h a n o l 4 . 2 6 3.33® 2 .1 9
P i p e r i d i n e 4 . 0 2 4 . 1 0 -----
D im ethy I fo rm am ide 3 .9 4 3 .8 1 3 .1 2
G l a c i a l  A c e t i c 3 .6 9 2 . 4 0 2 .1 3
T . H . F . 3 .1 5 2. 52b -----
A c e t o n i t r i l e 2 .6 0 1 .90 2 .3 0
N i t r o m e t h a n e 2 .2 6 2 . 01 2 . 6 0
CHC£3 1 .9 4 1 .5 2 2 .5 1
Benzene 1 .5 8 1 .5 2 2 . 1 0
T o lu en e 1 .5 5 1 .5 2 2 . 1 0
R e f l e c t a n c e 1 .7 0 1 .6 0 3 . 4 2
a )  R e l i a b i l i t y  q u e s t i o n a b l e  s i n c e  i t  t u r n s  y e l l o w  i n  10-15  m i n u t e s .
b) S o l u t i o n  i s  g r e e n - b l a c k .
e x c e p t i o n s .  One m inor  e x c e p t i o n  I s  t h e  r e v e r s a l  o f  a c e t o n i t r l l e  
and  n l t r o m e t h a n e .  The two m a jo r  e x c e p t i o n s ,  THF and e t h a n o l ,  p l u s  
some s o l v e n t s  n o t  l i s t e d  In  T a b l e  3,  m e r i t  s p e c i a l  d i s c u s s i o n .
THF d i s s o l v e s  t h e  complex VOCdpm)^, t o  g i v e  a maroon s o l u t i o n  
w h ic h  f a d e s  t o  " g r e e n - b l a c k "  In  s e v e r a l  m i n u t e s .  The s p e c t r u m  
waa r u n  w h i l e  t h e  s o l u t i o n  was maroon and no bands  were  o b s e r v e d  
i n  t h e  10-20kK r e g i o n .  T h e re  w a s ,  how ever ,  a s t r o n g  a b s o r p t i o n  
a t  22-24kK. S e v e r a l  m i n u t e s  l a t e r  i t  was n o te d  t h a t  t h e  sample  
had  t u r n e d  g r e e n - b l a c k .  The s p e c t r u m  was r e r u n ,  g i v i n g  t h e  r e s u l t s  
t a b u l a t e d  i n  T a b l e  1. E t h y l  e t h e r  gave  a s i m i l a r  g r e e n - b l a c k  s o l u t i o n  
A l c o h o l s  a l s o  g i v e  c u r i o u s  r e s u l t s .  M ethano l  d i s s o l v e s  t h e  complex 
t o  p r o d u c e  an  im m ed ia te  y e l l o w  s o l u t i o n .  A s p e c t r u m  o f  t h i s  
s o l u t i o n  g i v e s  a  band a t  a b o u t  14.0kK w i t h  a s h o u l d e r  a ro u n d  
13 .0kK.  The i n t e n s i t y  o f  t h e s e  b a n d s  i f  r o u g h l y  t w o - t h i r d s  t h e  
i n t e n s i t y  t h e s e  b a n d s  have  i n  o t h e r  s o l v e n t s  a t  t h e  same c o n c e n t r a t i o n  
The 16-17kK b a n d ,  i f  p r e s e n t ,  i s  c o v e r e d  by t h e  t a i l  o f  a h i g h  
i n t e n s i t y  a b s o r p t i o n  band w h ich  s t a r t s  a ro u n d  16kK and p e ak s  
somewhere beyond 25 .0kK.  I s o p r o p a n o l  y i e l d s  a r e d  s o l u t i o n  t h a t  
f a d e s  to  y e l l o w  i n  l e s s  t h a n  a m i n u t e .  The s p e c t r u m  o f  t h i s  
s o l u t i o n  g i v e s  o n l y  one band ( a  rs 100) a t  22 .7kK.  6 :1  i s o p e n t a n e -
b u t a n o l ,  t h e  m i x t u r e  u s e d  most o f t e n  f o r  low t e m p e r a t u r e  g l a s s e s ,  
a l s o  g i v e s  an im m e d ia te  y e l l o w  s o l u t i o n .  I s o p e n t a n e  a l o n e  g i v e s  
a g r e e n  s o l u t i o n .  E t h a n o l ,  u n l i k e  t h e  o t h e r  a l c o h o l s  m e n t i o n e d ,  
g i v e s  a g r e e n  s o l u t i o n  w h ic h  d o e s  n o t  f a d e  t o  y e l l o w  f o r  a b o u t  
f i v e  m i n u t e s .  These  y e l l o w  s o l u t i o n s  w h ich  formed were  b e l i e v e d
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t o  be e v i d e n c e  o f  o x i d a t i o n  o f  v a n a d y l ( I V )  t o  v a n a d i u m ( V ) .
One e x p l a n a t i o n  f o r  t h i s  a p p a r e n t  o x i d a t i o n  c o u ld  be 
d i s s o l v e d  o x y g e n ,  s i n c e  a l c o h o l s  do a b s o r b  and  r e t a i n  oxygen  
r e a d i l y .  To t e s t  t h i s  h y p o t h e s i s ,  e t h a n o l  and n - b u t a n o l  w e re  
d e o x y g e n a t e d  by  b u b b l i n g  d r y  n i t r o g e n  t h r o u g h  them f o r  s e v e r a l  
h o u r s .  I n  t h e  c a s e  o f  e t h a n o l ,  t h e  VOCdpm)^ s o l u t i o n  re m a in e d  
g r e e n  f o r  2 0 - 3 0  m i n u t e s  b e f o r e  an y  y e l l o w i n g  c o u ld  be d e t e c t e d  
w i t h  t h e  e y e .  F i f t e e n  m i n u t e s  l a t e r  t h e  s o l u t i o n  was c o m p l e t e l y  
y e l l o w .  N - b u t a n o l  on t h e  o t h e r  h a n d ,  w h i l e  n o t  g i v i n g  a n  im m e d ia te  
y e l l o w  s o l u t i o n  a f t e r  d e o x y g e n a t i o n ,  d i d  t u r n  y e l l o w  i n  o n l y  two 
o r  t h r e e  m i n u t e s .  S i n c e  t h e s e  two s o l v e n t s  w ere  a good g r a d e  
t o  b e g i n  w i t h ,  i t  seems t h a t  d e o x y g e n a t i o n  f o r  s e v e r a l  h o u r s  
s h o u l d  have  e l i m i n a t e d  a l l  d i s s o l v e d  o x y g e n .  D i s s o l v e d  oxygen  
c a n n o t  be  e l i m i n a t e d  a s  t h e  o x i d i z i n g  a g e n t ,  h o w e v e r ,  s i n c e  t h e  
m i n u t e  a m o u n ts  o f  0 ^ i n  t h e  n i t r o g e n  c o u ld  e f f e c t  t h e  o x i d a t i o n .
A s e c o n d  e x p l a n a t i o n  f o r  t h e s e  o c c u r r a n c e s  c o u ld  be t h e  
p r e s e n c e  o f  p e r o x i d e s  i n  t h e  s o l v e n t  w h ic h  c o u ld  a t t a c h  t o  t h e  
o p en  s i x t h  p o s i t i o n  i n  VOCdpm)^ and e f f e c t  o x i d a t i o n .
Work i s  c u r r e n t l y  i n  p r o g r e s s  by o t h e r s  i n  t h e  L a b o r a t o r y  
t o  d e t e r m i n e  w h a t  i s  o c c u r r i n g  i n  t h e s e  s o l v e n t s .
I t  can  be s e e n  f ro m  F i g u r e  3 t h a t  t h e  i n t e n s i t y  o f  t h e s e  
two b a n d s  f o r  VO(dpm)^ i n c r e a s e s  i n  a weak s o l v e n t .  Some o f  t h i s  
i n c r e a s e  i s  due  t o  t h e  o v e r l a p  o f  t h e s e  b a n d s  a s  t h e y  move t o g e t h e r  
i n  a  weak s o l v e n t .
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I n  many o f  t h e  w e a k e r  s o l v e n t s ,  a low I n t e n s i t y  band i s
o b s e r v e d  a s  a  s h o u l d e r  on t h e  14kK. b a n d .  T h i s  band I s  n o t  u s u a l l y
o b s e r v e d  i n  s t r o n g  s o l v e n t s ,  p r o b a b l y  b e c a u s e  i t  i s  c o v e r e d  by t h e
lS.OkK band w h ic h  i s  r e d - s h i f t e d  t o  1 2 . 5 - 1 3 .0 k K  i n  t h e s e  s o l v e n t s .
The 14kK band b l u e  s h i f t s  i n  weak s o l v e n t s  and a p p e a r s  t o  " l e a v e
b e h i n d "  t h i s  weak b a n d .  T h i s  band can  p r o b a b l y  be s e e n  m os t  c l e a r l y
i n  F i g u r e  6 w h ic h  shows t h e  r e f l e c t a n c e  s p e c t r u m .  The d i f f e r e n c e
i n  b a n d s  I  and I I  i n  t h e  r e f l e c t a n c e  s p e c t r u m  i s  o n l y  1 .60kK w h ic h
i s  a b o u t  t h e  d i f f e r e n c e  o b s e r v e d  i n  b e n z e n e  and  t o l u e n e ,  two o f
t h e  w e a k e s t  l i g a t i n g  s o l v e n t s .  T h i s  i n d i c a t e s  t h a t  t h e  s i x t h
p o s i t i o n  i s  m os t  p r o b a b l y  " o p e n "  i n  t h e  s o l i d .  The room t e m p e r a t u r e
m u l l  g i v e s  a o f  1 .89kK w h ic h  i n d i c a t e s  some weak s i x t h  p o s i t i o n
i n t e r a c t i o n  i n  t h i s  medium. I t  i s  somewhat s u r p r i s i n g  t h a t  a KBr
p e l l e t  g i v e s  a v a l u e  o f  o n l y  1 .74kK .  I t  w ou ld  seem t h a t  i n
su ch  a p e l l e t ,  a b ro m id e  i o n  would s u r e l y  be i n  t h e  v i c i n i t y  o f
t h e  s i x t h  p o s i t i o n  and a c t  a s  a s t r o n g  enough  l i g a n d  t o  s p l i t
t h e s e  two b a n d s  f u r t h e r  a p a r t ,  b u t ,  on t h e  o t h e r  h a n d ,  b ro m id e
2+i o n  i s  known t o  be a v e r y  p o o r  l i g a n d  f o r  VO
B e s i d e s  t h e s e  t h r e e  b a n d s ,  a f o u r t h  i s  so m e t im es  o b s e r v e d  
a t  a b o u t  25 .0kK .  T h i s  band d o e s  n o t  ch an g e  much w i t h  s o l v e n t s  o r  
i n  r e f l e c t a n c e ,  m u l l s  o r  p e l l e t s .  The i n t e n s i t y  o f  t h i s  band  i s  
two o r  t h r e e  t i m e s  t h e  i n t e n s i t y  o f  t h e  14kK and 16kK b a n d s .
V0 ( h f a ) 2  • H^O s o l u t i o n  s p e c t r a  a r e  s i m i l a r  t o  t h o s e  o f  
V0 (d p m )2 * Bands  " I "  and " I I "  a r e  o b s e r v e d  b u t  t h e  low i n t e n s i t y  
band a t  l l - 1 2 k K  i s  n o t  e a s i l y  l o c a t e d .  The f o u r t h  band i s  s h i f t e d
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f ro m  a b o u t  25kK i n  VCKdpm)^ t o  2 0 . 5kK i n  V C K h f a ^  •
On i n s p e c t i o n  o f  T a b l e  3 f o r  t h e  VCKhfa)^ * compound,
i t  may be n o t e d  t h a t  ^ d o e s  n o t  show much o f  a change  f ro m
s o l v e n t  t o  s o l v e n t .  T h i s  c a n  be  s e e n  c l e a r l y  i n  F i g u r e s  4 and  5*
The l a r g e s t  ^ i s  o b s e r v e d  in- t h e  r e f l e c t a n c e  s p e c t r u m  ( F i g u r e  
7 ) .  However,  VOChfa)^  • ^ 0  w ould  n o t  be e x p e c t e d  t o  show much o f  
a  s o l v e n t  e f f e c t  s i n c e  t h e  w a t e r  m o l e c u l e  p r e s u m a b l y  o c c u p i e s  t h e  
s i x t h  p o s i t i o n ,  t h u s  f i l l i n g  t h e  f i r s t  c o o r d i n a t i o n  s p h e r e .  Only  
a  s e c o n d a r y  s o l v e n t  e f f e c t  s h o u l d  be  o b s e r v e d ,  and  t h e  d a t a  b e a r s  
S h i s  o u t  and  s u g g e s t  t h a t  t h i s  i s  b u t  a sm a l l  e f f e c t .
The p r e s e n c e  o f  t h i s  w a t e r  m o l e c u l e  h a s  b e e n  c o n f i r m e d  by
v a r i o u s  e x p e r i m e n t a l  d a t a .  F i r s t ,  t h e  a n a l y s i s  f i t s  v e r y  w e l l
f o r  o n e  w a t e r  m o l e c u l e .  S e c o n d l y ,  t h e  i n f r a r e d  s p e c t r u n  shows
a band1 a t  2450 cm * w h ic h  i s  i n  t h e  r a n g e  o f  t h e  0 -H  s t r e t c h  f o r
c o o r d i n a t e d  w a t e r .  T h i r d l y ,  t h e  N. M. R. s p e c t r u m  g i v e s  a p e a k
i n d i c a t i v e  o f  a bound w a t e r  m o l e c u l e .  The f a c t  t h a t  t h i s  compound
s u b l i m e s  w i t h  a w a t e r  m o l e c u l e  was n o t  s o  s u r p r i s i n g  s i n c e  M o r r i s ,
32M o s h i e r  and S i e v e r s  had n o t e d  t h i s  occu rraroe f o r  many 
h e x a f l u o r o a c e t y l a c e t o n e  c o m p l e x e s .  They  p r e p a r e d  h e x a f l u o r o a c e t y l ­
a c e t o n e  c o m p le x e s  o i  v a r i o u s  m e t a l s .  F o r  o x i d a t i o n  s t a t e s  o f  
t h r e e  and f o u r  t h e y  o b t a i n e d  c o m p le x e s  o f  g e n e r a l  f o r m u l a  X ( h f a ) ^  
an d  X ( h f a ) 4  (X -  A*, F e ( I I I ) ,  R h ( I I I ) , T h ( I V ) ,  e t c . ) .  F o r  
o x i d a t i o n  s t a t e s  o f  tw o ,  c o m p le x e s  o f  g e n e r a l  f o r m u l a  X C h fa )^  • 2 ^ 0  
o b t a i n e d  ( X  = C o ( I I ) , H i ( I I ) ,  F e ( I I ) ,  Z n ( I I ,  M n ( I I ) ) .  The a u t h o r s  
a t t e m p t e d  t o  d e h y d r a t e  t h e s e  compounds by  s u b l i m a t i o n  b u t  t h e  
com pounds  s u b l i m e d  a s  t h e  d i h y d r a t e s .
















































F i g u r e  6 : R e f l e c t a n c e  S p ec t ru m  o f  VOCdpm)^.
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From t h e  ^ o b s e r v e d  f o r  VOChfa)^ * 1^0  i n  t h e  v a r i o u s
s o l v e n t s  ( T a b le  3) i t  a p p e a r s  t h a t  t h i s  w a t e r  m o l e c u l e  must  rem a in  
a t t a c h e d  t o  t h e  s i x t h  p o s i t i o n  i n  s o l u t i o n .  Only  i n  t h e  c a s e  o f  
d im e th y l f o r m a m id e  does  i t  a p p e a r  t h a t  any d i s p l a c e m e n t  o f  th e  w a t e r  
m o l e c u l e  t a k e s  p l a c e .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  t h i s  i s  t h e  
s t r o n g e s t  l i g a t i n g  s o l v e n t  used w i t h  t h e  e x c e p t i o n  o f  p y r i d i n e  and 
e t h a n o l .
The VOChfa)^ * H^O g i v e s  a r e d  s o l u t i o n  i n  p y r i d i n e .  A 
s p e c t r u m  o f  t h i s  s o l u t i o n  shows an i n t e n s e  peak  a t  20 .45kK w i t h  
a r e d  s h o u l d e r ,  i n d i c a t i n g  t h a t  p e r h a p s  some o f  t h e  14.0kK and 
16.0kK b a n d s  s t i l l  r e m a in .  T h i s  20.4kK band c o i n c i d e s  w i t h  t h e  
20.5kK band o b s e r v e d  i n  o t h e r  s o l v e n t s  where  t h e  o t h e r  t h r e e  bands  
a r e  o b s e r v e d .  The d e c r e a s e  i n  i n t e n s i t y  o f  t h e s e  t h r e e  bands  and 
t h e  i n c r e a s e  i n  i n t e n s i t y  o f  t h e  20.5kK band seems t o  i n d i c a t e  
t h a t  t h e  l a t t e r  i s  n o t  a d -d  t r a n s i t i o n .  E v a p o r a t i o n  o f  t h i s  p y r i d i n e  
s o l u t i o n  gave  a gummy g r e e n  m a t e r i a l .  T h i s  s u b s t a n c e  was p r a c t i c a l l y  
i n s o l u b l e  i n  s o l v e n t s  w h ich  r e a d i l y  d i s s o l v e  VCKhfa)^ • H^O b u t  
i t  r e a d i l y  d i s s o l v e s  i n  p y r i d i n e ,  r e g e n e r a t i n g  a r e d  s o l u t i o n .
I t  i s  p o s s i b l e  t h a t  t h i s  gummy g r e e n  m a t e r i a l  c o u ld  be a n h y d ro u s  
V O C h f a ^ ,  w h ich  c o u ld  e x h i b i t  some p o l y m e r i z a t i o n  v i a  V-O-V b o n d in g .  
F o r m a t i o n  o f  a t h i c k  g r e e n  o i l  o c c u r s  when VOChfa)^ • H^O i s  
h e a t e d  u n d e r  vacuum,  w h ich  co u ld  a l s o  be an  i n d i c a t i o n  o f  d e h y d r a t i o n  
f o l l o w e d  by p o l y m e r i z a t i o n  o f  VOChfa)^ * ^ 2^* a *so p o s s i b l e
t h a t  p y r i d i n e  r e p l a c e s  t h e  w a t e r  m o le c u le  fo r m in g  a s t r o n g  a d d u c t .
T h i s  s h o u ld  be I n v e s t i g a t e d  f u r t h e r .
M ethano l  g i v e s  a g r e e n  s o l u t i o n  b u t  t h e  b a n d s  a t  13.80kK 
and 17 .25kK a p p e a r  o n l y  a s  s h o u l d e r s  on t h e  20.8kK b an d .  E t h a n o l  
d o e s  n o t  a p p e a r  t o  d i s p l a c e  t h e  w a t e r  m o l e c u l e  a s  t h e  ^ f o r  
VOChfa)^ * H^O i n  e t h a n o l  i s  much t h e  same a s  i n  o t h e r  s o l v e n t s .
The l a r g e s t  j. o b s e r v e d  f o r  VOChfa)^ • 1^0  was i n  th e
r e f l e c t a n c e  s p e c t r u m  ( F i g u r e  7) and t h e  m u l l  s p e c t r u m  ( F i g u r e  11) 
w h e r e a s  f o r  VtKdpm)^ t h e  r e f l e c t a n c e ,  m u l l  and weak s o l v e n t  s p e c t r a  
a l l  gave  a p p r o x i m a t e l y  t h e  same v a l u e  f o r  j.. S o l i d  VCKhfa)^  • H^O,
h o w e v e r ,  h a s  a  c o o r d i n a t e d  w a t e r  m o le c u le  w h ic h  i s  p r o b a b l y  drawn 
o r  f o r c e d  i n  tow ard  t h e  v a n ad iu m  i n  t h e  c l o s e - p a c k e d  s o l i d  s t a t e  
and t h u s  a c t s  a s  a s t r o n g e r  l i g a n d .  I n  t h e  g r e a t e r  f r eed o m  a f f o r d e d  
i n  s o l u t i o n ,  t h i s  w a t e r  m o l e c u l e  can  move f u r t h e r  away from  th e  
v a n a d iu m ,  e s p e c i a l l y  i f  t h e  s o l v e n t  i n  q u e s t i o n  h a s  any  a f f i n i t y  
a t  a l l  f o r  w a t e r  m o l e c u l e s .
The weak band a t  a b o u t  12kK i s  more d i f f i c u l t  t o  f i n d  w i t h  
V O (hfa ) 2 • H^O t h a n  w i t h  VtKdpm)^. I t  i s  o n l y  o b s e r v e d  i n  two 
s o l v e n t s ,  i n  r e f l e c t a n c e  and  i n  N u jo l  m u l l .  I n  many s o l v e n t s ,  
how ever ,#  l o n g  " t a i l "  i s  o b s e r v e d  on t h e  low e n e r g y  s i d e  o f  t h e  
l4 .0 k K  b a n d ,  g i v i n g  a s t r o n g  i n d i c a t i o n  t h a t  t h i s  band i s  p r e s e n t  
a l t h o u g h  n o t  c l e a r l y  r e s o l v a b l e .  The p o s i t i o n  o f  t h i s  weak i n t e n s i t y  
band d o es  seem t o  be r e l a t i v e l y  i n d e p e n d e n t  o f  t h e  medium. T h i s  
band i s  most c l e a r l y  o b s e r v e d  i n  t h e  r e f l e c t a n c e  s p e c t r u m  o f  t h i s
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compound ( F i g u r e  7 ) .  I t  was t h e  c l a r i t y  w i t h  w h ich  t h i s  low
i n t e n s i t y  band was o b s e r v e d  t h a t  prompted  a v e r y  c a r e f u l  check f o r
a s i m i l a r  band i n  V O ta ca c ) ^ .  The r e f l e c t a n c e  s p e c t ru m  o f  VOCacac)^ 
( F i g u r e  8) d o es  in d eed  show t h i s  band .
The f o u r t h  band o b s e r v e d  i n  t h i s  r e g i o n  f o r  V C K h fa^  • H^O 
i s  a t  20.5kK and a l s o  a p p e a r s  to  be i n d e p e n d e n t  of  th e  medium.
T h i s  band i s  4 - 5kK low er  t h a n  th e  c o r r e s p o n d i n g  band i n  VCKdpm)^ 
and VO(acac)^« The s i g n i f i c a n c e  o f  t h i s  w i l l  be d i s c u s s e d  l a t e r .
2. Low T e m p e ra tu re  Vanadyl  S p e c t r a
Low t e m p e r a t u r e  s p e c t r a  were  r u n  on v a r i o u s  v a n a d y l  complexes
to  d e t e r m i n e  i f  any s p l i t t i n g ,  such  a s  was o b s e r v e d  i n  V C K acac^
and (NH. ) „(VOFr ) , co u ld  be o b s e r v e d  and i f  t h e  weak band a t  12kK4 3 5
co u ld  be more c l e a r l y  d i s c e r n e d .  The r e s u l t s  a r e  t a b u l a t e d  in
T a b le  4.
The b e s t  o b s e r v a t i o n  o f  t h e  low e n e r g y ,  low i n t e n s i t y  band i s  
f o r  t h e  V C K h f a ^  • H^O i n  a N u jo l  m u l l .  Room t e m p e r a t u r e  and 
l i q u i d  n i t r o g e n  t e m p e r a t u r e  s p e c t r a  of  t h i s  compound a r e  shown i n  
F i g u r e  11.  What a p p e a r s  as  a b road  band a t  room t e m p e r a t u r e  r e s o l v e s  
i n t o  two b a n d s ,  one a t  11.50kK and a sec o n d ,  somewhat more i n t e n s e  band 
a t  13 .80kK, w i t h  b o th  a red  and a b lu e  s h o u l d e r  a t  l i q u i d  ^  t e m p e r a t u r e .  
The band a t  17kK, a s  u s u a l ,  shows no s p l i t t i n g  w h i l e  t h e  band a t  
21kK d e f i n i t e l y  shows two maxima. Though many a t t e m p t s  were  made 
to  o b t a i n  a low t e m p e r a t u r e  KBr p e l l e t  s p e c t r u m  o f  t h i s  compound,
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LOW TEMPERATURE AND REFLECTANCE DATA FOR VOChfaK • H„0
AND VOCdpmK
V O (hfa ) 2 • H20
Med ium
N u j o l  m u l l 298°K 1 3 .2 0 1 7 .00 2 1 . 0 0 (eh ) 2 2 . 1 2
N u j o l  m u l l 77°K 1 1 .5 0 13 .60* 1 7 .3 0 20 . 8 7 (ah) 2 2 . 22
6:1  i s o p e n t a n e  
n - b u t a n o l 298°K « 12 . 2 1 4 .1 0 1 6 .2 4
6:1  i s o p e n t a n e  
n - b u t a n o l 77°K
? 1 3 .7 4 1 6 .2 4
R e f l e c t a n c e 12 . 00 1 3 .2 4 16.67 2 1 .2 8
a )  1 3 .6 0  band h a s  a s h o u l d e r  on e a c h  s i d e  a t  a b o u t  1 3 .3 0  and 14.50kK.
VO(dpm) 2
Medium
R e f l e c t a n c e 1 1 .7 0 1 5 .1 0 1 6 .70 2 5 .0 0
KBr 298°K ----- 1 5 .1 0 1 6 .8 4 2 5 .00
KBr 77°K ----- 1 4 . 4 0 s h , 1 5 . 0 , 1 5 . 90sh 1 7 .0 4 -----
N u jo l  m u l l 298°K saL2.3sh 1 4 .9 3 1 6 .8 0 2 5 .0 0
N u j o l  m u l l 77°K sal 2 . l s h 1 4 . 20sh , 1 4 .8 6 , 15. 87sh 1 7 .0 0 2 3 . 6 0 , 2 5
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none were  s u c c e s s f u l ,  p e r h a p s  due t o  d e s t r u c t i o n  o f  t h e  complex
d u r i n g  p e l l e t  p r e p a r a t i o n .  A f r o z e n  g l a s s  s p e c t r u m  was o b t a i n e d ,
b u t  d id  n o t  show good band r e s o l u t i o n .  At room t e m p e r a t u r e ,  th e
f r o z e n  g l a s s  m i x t u r e .  6 :1  i s o p e n t a n e - b u t a n o l , gave  p e a k s  a t  1 4 . lOkK
and 16.24kK w i t h  a h i n t  o f  a band a t  a p p r o x i m a t e l y  12kK. The
21kK band was n o t  o b s e r v e d  i n  t h i s  medium. At l i q u i d  n i t r o g e n
t e m p e r a t u r e  o n l y  p e ak s  a t  13.74kK and 16.24kK were  o b s e r v a b l e .
N u j o l  m u l l  and KBr p e l l e t  s p e c t r a  o f  VfKdpm)^ a t  low
t e m p e r a t u r e  b o t h  y i e l d e d  a weak low e n e r g y  b an d .  (See  F i g u r e s  9
and 1 0 ) .  The fo r m e r  h a s  t h i s  band a p p e a r i n g  a t  <10kK w h i l e  i n
t h e  l a t t e r  i t  i s  a round  12kK. I t  can be s e e n  t h a t  t h e  band a t
1 3 - 14kK: shows some s p l i t t i n g  i n  b o t h  media  w h i l e  t h e  16-17kK
band a g a i n  does  n o t  s p l i t .
A KBr s p e c t r u m  o f  VO(DMSO) <.(C£0^) ^  a t  room t e m p e r a t u r e  gave
a s m a l l  band a t  10 .8kK, a band a t  12 .85kK w i t h  a p o s s i b l e  red
27s h o u l d e r  and a band a t  15.8kK w i t h  no s p l i t t i n g .  Y e ranos  from
low t e m p e r a t u r e  p o l a r i z a t i o n  s p e c t r a l  d a t a  f o r  V O ta c a c ) ^  p ro p o s e d
t h a t  t h e  d e g e n e r a t e  e*  l e v e l  was s p l i t  i n  t h e  s y m c e t r y  and
a s s i g n e d  th e  12kK band a s  d -* d and t h e  14kX band asxy xz
d -* d The above  d i m e t h y l s u l f o x i d e  complex  i s  o f  C, symmetryxy yz J r 4v J
and s h o u l d  n o t  s p l i t  t h e  d e g e n e r a t e  e*  l e v e l .  T h i s  i n d i c a t e s
t h a t  t h e  10-12kK band c a n n o t  be t h e  d -* d t r a n s i t i o n  a sxy xz
p ro p o s e d  by Y e r a n o s ,  s i n c e  th e  d and  d s h o u l d  r e m a in  d e g e n e r a t e* yz xy
i n  t h i s  symmetry .
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F i g u r e  9 :  Room and L i q u id  N i t r o g e n  T e m p e r a tu r e  S p e c t r a  o f  VCHdpm)^
i n  KBr P e l l e t .
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Fr e q u e n c y , k k
14.0 t*.<o 10.0 & 0
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F i g u r e  10: Room and L i q u i d  N i t r o g e n  T e m p e r a tu r e  S p e c t r a  o f  VOCdpm)^
i n  N u jo l  M u l l .
i -  29*fN N U J O L  MULL.




F i g u r e  11: Room and L i q u id  N i t r o g e n  T e m p e ra tu re  S p e c t r a









The room t e m p e r a t u r e  and low t e m p e r a t u r e  s p e c t r a  o f
(NH^)^ V O ( t a r t )  • H^O i n  KBr a r e  shown i n  F i g u r e  12. T h e re  i s  no
n o t i c e a b l e  s p l i t t i n g  i n  any  o f t h e  f o u r  o b s e r v e d  b an d s  i n  g o in g
f rom  room t e m p e r a t u r e  t o  77°K. T h i s  i s  n o t  s u r p r i s i n g  s i n c e  T a p s c o t t
and B e l f o r d ^  o b t a i n e d  good m a g n e t i c  and e . s . r .  e v i d e n c e  i n d i c a t i n g
t h i s  compound i s  a d im e r  w i t h  two d i f f e r e n t  compounds r e s u l t i n g ,
d e p e n d in g  on w h e t h e r  d - t a r t a r i c  a c i d  o r  a r a c e m ic  t a r t a r i c  a c i d
18m i x t u r e  i s  u s e d .  Q u i t e  r e c e n t l y ,  F o r r e s t  and P r o u t  c a r r i e d  o u t
t h e  x - r a y  d i f f r a c t i o n  d e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  o f  t h e  ammonium
v a n a d y l ( + )  t a r t r a t e .  I t  i s  i n d e e d  a d i m e r .  The c o o r d i n a t i o n  o f  t h e
v a n ad iu m  a tom  i s  a d i s t o r t e d  t r i g o n a l  b ip y r a m id  w i t h  t h e  v a n a d y l
oxygen  i n  t h e  e q u a t o r i a l  p l a n e .
Each t a r t r a t e  m o le c u le  c o o r d i n a t e s  t o  two v an ad iu m  a to m s ,
w i t h  t h e  c a r b o x y l  oxygens  c o o r d i n a t i n g  a t  t h e  a p i c e s  and th e
h y d r o x y l  oxygens  c o o r d i n a t i n g  i n  t h e  e q u a t o r i a l  p l a n e .  The
w a t e r  m o l e c u l e s  and ammonium i o n s  b in d  t h e  d i m e r i c  v an ad iu m  u n i t s
i n t o  a t h r e e  d i m e n s i o n a l  n e tw o rk  by h y d ro g e n  b o n d i n g .
The p r e s e n c e  o f  a s i n g l e  s p e c i e s  i n  t h e  c r y s t a l  r u l e s  o u t
t h e  p o s s i b i l i t y  t h a t  t h e  f o u r  o b s e r v e d  t r a n s i t i o n s  i n  v a n a d y l
t a r t r a t e  a r e  due t o  t h e  p r e s e n c e  o f  more t h a n  one complex  a s
33s u g g e s t e d  by Dunlop  , A l s o  th e  f a c t  t h a t  t h e  d i s t a n c e  b e tw ee n  
v a n ad iu m  atoms i s  4 . 3 5 8  makes i t  u n l i k e l y  t h a t  any  i n t e r a c t i o n  
among t h e  v an ad iu m  atoms would  r e s u l t  i n  much o f  a m o d i f i c a t i o n  
i n  t h e  o p t i c a l  b a n d s .
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F i g u r e  12: S p ec t ru m  o f  (NH^)^ V O ( t a r t )  i n  KBr P e l l e t  a t  L i q u id
N i t r o g e n  T e m p e r a t u r e s .
( N  H < ) 2  V O ( & * t ) - H z O  <As*. K  B r  
C O  R o o m  T e m p .
(l) (2) Lig.N^Ternf i .
(2)
I i I i 1 1 1 1 1 1 I i I
9%n 260 2*0  22.0 20.0 18.0 10.0 fHX) /2 .0  10.0
F r e q u e n c y ,  k K
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3 .  Vapor S p e c t r a
The c h i e f  r e a s o n  f o r  w o rk in g  w i t h  VOChfa)^ * H^O and VCKdpm)^
was t h e i r  v o l a t i l i t y .  They b o t h  s u b l im e  under vacuum a t  5 0 -7 0 ° C .
The g r e a t  v o l a t i l i t y  o f  d i p i v a l o y l m e t h a n e  com plexes  ha s  i n  f a c t
been  used  to  s e p a r a t e  t h e  r a r e  e a r t h s  by vacuum s u b l i m a t i o n  o f
t h e i r  dpm c o m p l e x e s .  I t  was in  t h e  h opes  o f  o b t a i n i n g  a va p o r
s p e c tr u m  t h a t  t h e s e  compounds were  i n i t i a l l y  p rep ared  and s t u d i e d .
The d a ta  o b t a i n e d  from t h e s e  v a p o r  s p e c t r a  i s  t a b u l a t e d  in
T a b le  5 ,  a l o n g  w i t h  t h e  most  p r o b a b le  a s s i g n m e n t  o f  t h e s e  bands
( s e e  F i g u r e s  13 and 1 4 ) .
I t  i s  assumed t h a t  t h e  s p l i t t i n g  i n  t h e  xy -* x z ,  yz  and 
2
xy  — z t r a n s i t i o n s  are  v i b r a t i o n a l  i n  o r i g i n  and t h i s  w i l l  be 
c o n s i d e r e d  a g a i n  l a t e r .
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TABLE 5
VAPOR SPECTRA DATA FOR VCKdpmK AND VOChfaK * H^O
2 2 2 xy—x - y  xy-*xz, yz xy—z
VO(dpm)2 (138°C) 1 1 . 8  1 3 . 7 s h  1 4 . 5 s h  1 7 .0  1 7 . 9 s h  I 8 . 9 s h  2 4 . 3sh 2 5 .0
V 0 ( h f a ) 2 *H20(112°C)  1 3 . 2 b r  1 5 . 4  1 6 . 3 s h  1 6 .9  I 9 . 0 s h  2 0 . 0 s h  2 0 . 8
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F i g u r e  14: V O fhfaJ^  * Vapor  Spec t rum .
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B e f o r e  a t t e m p t i n g  t o  a s s i g n  t h e  e l e c t r o n i c  t r a n s i t i o n s  f o r  
v a n a d y l  c o m p l e x e s ,  a b r i e f  summary o f  some i m p o r t a n t  p o i n t s  w i l l  
be g i v e n .
The m os t  i m p o r t a n t  new a s p e c t  f o r  a s s i g n m e n t  o f  t h e s e
e l e c t r o n i c  t r a n s i t i o n s  i s  t h e  a p p e a r a n c e  and  f i r m  e s t a b l i s h m e n t
o f  a weak i n t e n s i t y  ( g  ~  1 - 5 )  band  a t  10 -12kK .  T h i s  band  was
19 22 27e i t h e r  u n n o t i c e d  o r  i g n o r e d  u n t i l  q u i t e  r e c e n t l y  * * . I n
{ 3 -d ik e to n e  c o m p l e x e s ,  t h i s  band i s  u s u a l l y  e i t h e r  c l e a r l y  
o b s e r v e d  o r  s t r o n g l y  i n d i c a t e d  when s o l u t i o n s  c o n t a i n i n g  weak 
c o o r d i n a t i n g  s o l v e n t s  a r e  r u n .  The w eak  s o l v e n t s  b l u e - s h i f t  
t h e  f i r s t  b i g  ban d  a t  !3 - 1 4 k K  an d  a l l o w  b e t t e r  o b s e r v a t i o n  o f  t h i s  
weak  r e d  b a n d .  I t  i s  d i f f i c u l t  t o  d e t e r m i n e  a n y  movement  o f  t h i s  
weak band  i n  v a r i o u s  s o l v e n t s  s i n c e  i t  i s  o n l y  a s h o u l d e r  t o  a 
more i n t e n s e  b a n d .
The r e d - s h i f t i n g  o f  t h e  13 -14kK band  w i t h  b e t t e r  c o o r d i n a t i n g  
s o l v e n t s  h a s  a l r e a d y  b e e n  m e n t i o n e d .  The 16-18kK band  shows o n l y  
a s l i g h t  b l u e  s h i f t  a s  t h e  l i g a t i n g  a b i l i t y  o f  t h e  s o l v e n t  i n c r e a s e s .  
The v a r i a t i o n  i n  p o s i t i o n  o f  t h i s  band  f o r  VOCdpm)^, VOChfa)^  * ^ 2^  
and  s e v e r a l  o t h e r  f j - d i k e t o n e s  p r e s e n t l y  u n d e r  s t u d y ,  i s  n e v e r  
more t h a n  0 . 5kK i n  g o i n g  f r o m  w eak  t o  s t r o n g  c o o r d i n a t i n g  s o l v e n t s .  
I n t r a l i g a n d  s p i n - f o r b i d d e n ,  tt -* n * ,  t r a n s i t i o n s  (T «- S )
n y r
h a v e  b e e n  r e p o r t e d  f o r  t h r e e  ( 3 - k e t o e n o l a t e  i o n s  * . The r e s u l t s ,
a l o n g  w i t h  t h e  p o s i t i o n  o f  t h e  f o u r t h  band  i n  t h e  c o r r e s p o n d i n g
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v a n a d y l  f j - d i k e t o n e  i s  g i v e n  b e low :
T -  S [ T - S  + c . T . ( ? ) ]
o L o N J
a c a c  25.8kK VO(acac ) 2 25.2kK
dbm" 2 0 . lkK V0(dbm) 2 20.7kK
b za"  2 1 . 7kK VO(bza ) 2 22.0kK
Thus i t  i s  p o s s i b l e  t h a t  t h e  f o u r t h  band i n  t h e  com plexes  i s  
due e n t i r e l y , o r  a t  l e a s t  i n  p a r t , t o  t h i s  i n t r a l i g a n d  s p i n - f o r b i d d e n  
t r a n s i t i o n  w h ich  h a s  somehow g a i n e d  some i n t e n s i t y  t h r o u g h  th e  
c o o r d i n a t i o n .
The i n t e r p r e t a t i o n  o f  t h e  s p l i t t i n g  o f  t h e  13-14kK band a s
4 14t h r e e  e l e c t r o n i c  com ponen ts  ’ would p l a c e  a l l  f o u r  d -d  t r a n s i t i o n s
be low 15kK. T h i s  would mean t h a t  t h e  weak band was t h e  d -» d 9 9xy x ^ - y ^
t r a n s i t i o n  and t h a t  t h e  f i r s t  band c o n t a i n e d  t h e  d -• d , d -• dxy yz xy xz
and d -» d 2 t r a n s i t i o n s .  B e f o r e  d i s c u s s i n g  t h i s ,  a n o t h e r  p o i n t  xy z
must be e m p h a s i z e d .  A l l  o t h e r  t h e o r e t i c a l  m ode ls  f o r  v a n a d y l  
complex s p e c t r a  u s u a l l y  c o n s i d e r  t h e  v a n ad iu m  atom to  l i e  i n  t h e  
same p l a n e  a s  t h e  f o u r  e q u a t o r i a l  l i g a n d s .  I t  i s  a c t u a l l y  o u t  
o f  t h i s  p l a n e  so t h a t  t h e  O-VoL a n g l e  i s  a lw ay s  g r e a t e r  t h a n  
9 0 ° .  (S ee  T a b le  6 ) .  T h i s  makes i t  p o s s i b l e  f o r  th<_ d andXZ
d o r b i t a l s  t o  p a r t i c i p a t e  i n  r r -bond ing  w i t h  t h e  e q u a t o r i a l
l i g a n d s  t o  some d e g r e e .  T h i s  would r a i s e  t h e  d , d o r b i t a l s0 y z ’ xz
i n  e n e r g y  and make i t  more r e a s o n a b l e  t h a t  t h e y  may l i e  h i g h e r
t h a n  t h e  d o  ? l e v e l ,  x -  y
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TABLE 6
PERTINENT X-RAY DIFFRACTION DATA FOR V02+ COMPOUNDS
Compound v=o
l e n g t h
E q u a t o r i a l  
V-X Leng th
T r a n s  




V O (aca )^ 1 .57 1 .97 ----- 106 3 6 ,37
V O (b za )2 1 .6 0 5 1. 9 5 , 1 . 9 8 ----- 106 38
V2°5 1 .5 8 1. 7 7 , 1 . 8 8 , 2 . 0 2 2 .8 1 105 39
VOMoO.4 1 . 6 8 • 1 .9 7 2 .5 9 102 40
VOSO,* 5Ho0 4 2 1 .67 2 .3 2 . 4 a 41
VOSO,H 1 .5 9 2. 0 1 , 2 . 0 5 2 .2 8 100 4 2 ,4 3
[V0(NCS)4H20 ] 2" 1 .6 2 2 . 04(N) 2 . 2 2 ( 0 ) 97 44
V2°4 1 .7 6 1. 8 6 , 2 . 0 2 2 .0 5 93b 45
B
a )  Not r e p o r t e d  i n  r e f e r e n c e  24,  b u t  assumed by B a l l h a u s e n  and Gray 
t o  be 9 0 ° ,  a l m o s t  c e r t a i n l y  n o t  p o s s i b l e .
b) O t h e r  0=V-X a n g l e s  a r e  99° and 9 5 ° .
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I n  C^v symmetry o n l y  t h e  xy  -* x z ,  yz t r a n s i t i o n  i s  a l l o w e d ,  
o 2 2t h e  xy  — z^  and xy  -+ x - y  b e i n g  f o r m a l l y  f o r b i d d e n .  The f i r s t -
m e n t io n e d  t r a n s i t i o n  s h o u l d  t h e r e f o r e  be t h e  most i n t e n s e .
Le t  us  c o n s i d e r  t h e  e f f e c t  on t h e  v a r i o u s  d o r b i t a l s  o f
b r i n g i n g  a l i g a n d  a l o n g  t h e  z - a x i s  i n t o  t h e  open  s i x t h  p o s i t i o n .
T h i s  would c a u s e  t h e  e q u a t o r i a l  l i g a n d s  t o  move upward tow ard
t h e  p l a n e  w h ich  i n c l u d e s  t h e  van ad iu m  so t h a t  t h e  O-V-L a n g l e
i s  l o w e r e d .  I t  s h o u ld  a l s o  weaken t h e  V = 0 b o nd ,  c a u s i n g  t h i s
oxygen  t o  move f u r t h e r  away from th e  v a n ad iu m  and t h e  e q u a t o r i a l
l i g a n d s  t o  move c l o s e r - i n .  The s i x t h  l i g a n d  moving tow ard  t h e
v a n ad iu m  s h o u ld  h ave  t h e  o p p o s i t e  e f f e c t  and c a u s e  t h e  e q u a t o r i a l
l i g a n d s  t o  move o u t  f rom  t h e  v a n ad iu m .  The movement o f  t h e
d -• d^2 y2  t r a n s i t i o n  w i t h  s o l v e n t  would  p r o b a b l y  depend  on
w h ich  o f  t h e  e f f e c t s  i s  d o m i n a n t .  These  o p p o s i n g  e f f e c t s  may
r e s u l t  i n  v e r y  l i t t l e  change  i n  e n e r g y  and  hence  t h e  band may
move v e r y  l i t t l e .  The band a t  l l - 1 2 k K  i s  v e r y  weak and a p p e a r s
t o  be l i t t l e  a f f e c t e d  by  s o l v e n t  a l t h o u g h ,  a s  s t a t e d  e a r l i e r ,  i t
i s  d i f f i c u l t  t o  c h a r t  e x a c t l y  w here  t h i s  s h o u l d e r  i s .  T h i s
l e a d s  t o  t h e  a s s i g n m e n t  o f  t h i s  band a s  d -» d n o.xy x * - y *
A s i x t h  l i g a n d  would  be e x p e c t e d  t o  d e c r e a s e  t h e  e n e r g y
o f  t h e  d -* (d ,d  ) t r a n s i t i o n .  The w e a k e n in g  o f  t h e  V-Q xy xz yz
a*bond would  c a u s e  t h e  oxygen t o  move ou t  from th e  v a n a d iu m  and
a l s o  weaken  t h e  ■n'-bonds, w h ich  i n v o l v e  p r i m a r i l y  t h e  d and
d o r b i t a l s .  The e q u a t o r i a l  l i g a n d s  moving upward ( d e c r e a s i n g  yz
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O-V-L a n g l e )  would a l s o  d e c r e a s e  any r r -bond ing  b e tw ee n  th e
e q u a t o r i a l  l i g a n d s  and t h e  d ,d  o r b i t a l s .  The s t r o n g e rxz yz
l i g a t i n g  s o l v e n t s  would be e x p e c t e d  t o  c a u s e  b o t h  o f  t h e s e
e f f e c t s  and t h u s  s h i f t  t h e  d -* (d ,d  ) t r a n s i t i o n  t o  lowerxy  xz* y z /
e n e r g i e s .  S in c e  t h e  band a t  12-15kK shows e x a c t l y  t h i s  e f f e c t ,
and s i n c e  i t  i s  t h e  most i n t e n s e ,  t h i s  band i s  a s s i g n e d  as
th e  d e g e n e r a t e  d -* (d ,d ) t r a n s i t i o n ,xy x z ’ y z '
T he re  r e m a in s  o n l y  t h e  a s s i g n m e n t  o f  t h e  d -* d 7 t r a n s i t i o n .xy  z
The e f f e c t  o f  a s i x t h  l i g a n d  on t h i s  t r a n s i t i o n  i s  a l i t t l e  d i f f i c u l t
t o  d i s c e r n .  On t h e  one h a n d , i t  c a u s e s  a w e ak e n in g  of t h e  V-0
CT-bond w h ich  t e n d s  t o  low er  t h e  e n e r g y  o f  t h i s  t r a n s i t i o n  s i n c e
t h e  dz 2 o r b i t a l  i s  p r i m a r i l y  i n v o l v e d  i n  t h e  V-0  a - b o n d .  On
t h e  o t h e r  h a n d ,  a weak cr-bond i s  formed w i t h  t h e  s i x t h  l i g a n d .
T h i s  e f f e c t  t e n d s  t o  r a i s e  t h e  e n e r g y  o f  t h e  d -* d ? t r a n s i t i o n .xy z^
I f  t h e  w e ak e n in g  o f  t h e  v a n ad iu m -o x y g en  sigma bond i s  t h e
d o m i n a t i n g  e f f e c t ,  t h e  d ^  t r a n s i t i o n  would be e x p e c t e d  t o  red
s h i f t  a s  t h e  s t r e n g t h  o f  t h e  s i x t h  l i g a n d  i n c r e a s e s .  T h i s  c l o s e l y
p a r a l l e l s  t h e  a c t i o n  o f  t h e  (d ,d ) o r b i t a l s .  I t  would t h e nyz xz
be p o s s i b l e  t h a t  t h e  (d ,d  ) and d 7 a r e  a l l  u n d e r  t h e  12-15kKx z ’ y z '  z z
band and t h a t  t h e  s p l i t t i n g  o f  t h i s  band i n t o  t h r e e  components
a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e s  i s  i n  f a c t  due t o  d -* d ,xy yz
d -» d and d -* d 7 . T h i s  would mean t h a t  t h e  bands  a t  16-17kK xy xz xy z^
were  c h a r g e  t r a n s f e r  b an d s  a n d / o r  i n t r a l i g a n d  b a n d s .
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I t  i s  a l s o  p o s s i b l e ,  how ever ,  t h a t  th e  e f f e c t s  m e n t io n e d  f o r
t h e  d ^2 o r b i t a l  oppose  e a c h  o t h e r  t o  the  e x t e n t  t h a t  t h e r e  i s
l i t t l e  movement o f  t h i s  band w i t h  i n c r e a s i n g  s o l v e n t  s t r e n g t h .
T h i s  i s  t h e  b e h a v i o r  n o t e d  i n  t h e  band a t  16-17kK. The i n t e n s i t y
o f  t h i s  band i s  l e s s  t h a n  t h e  !2 -15kK b a n d ,  w h ic h  i s  e x p e c t e d  o f
t h e  d -» d ? t r a n s i t i o n .  The a s s i g n m e n t  o f  t h i s  band a s  th e  xy z «
dz 2 t r a n s i t i o n  means t h a t  th e  s p l i t t i n g  o f  t h i s  12-15kK band 
a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e s  must be due t o  a v i b r a t i o n a l  
p r o g r e s s i o n .  The s p l i t t i n g  o f  t h e s e  bands  i s  600-700  cm 
T h i s  c o u ld  be  due t o  t h e  g round  s t a t e  V=0 s t r e t c h i n g  f r e q u e n c y  
w h ic h  i s  a r o u n d  1000 cm \  b u t  w h ich  i s  u n d o u b t e d l y  low ered  by 
a few h u n d re d  cm  ̂ i n  t h e  e l e c t r o n i c  e x c i t e d  s t a t e .
The l a t t e r  i n t e r p r e t a t i o n  a p p e a r s  t o  be t h e  b e t t e r  one 
s i n c e  i t  i s  r e a s o n a b l y  u n l i k e l y  t h a t  t h e  d 2 t r a n s i t i o n  would
p a r a l l e l  t h e  (d , d  ) t r a n s i t i o n  so c l o s e l y  t h a t  t h e y  would xz yz
n e v e r  be o b s e r v e d  t o  s p l i t .  I t  i s  more l i k e l y  t h a t  t h e  d o
o r b i t a l  l e v e l  would show r e l a t i v e l y  l i t t l e  s o l v e n t  e f f e c t  a s  
d e s c r i b e d  i n  t h e  l a t t e r  i n t e r p r e t a t i o n .
The f o r e g o i n g  d i s c u s s i o n  t h u s  l e a d s  us t o  t h e  f o l l o w i n g  
o r d e r i n g  o f  t h e  d o r b i t a l s  i n  v a n a d y l - g - d i k e t o n e s :
1 0 - 12kK
1 2 - 1 5kK
16-18kK
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The band a t  20-25kK i s  t e n t a t i v e l y  a s s i g n e d  a s  t h e  0 - k e t o e n o l a t e  
(T *- Sq ) t r a n s i t i o n  w i t h  some p o s s i b i l i t y  o f  a c h a r g e  t r a n s f e r  
t r a n s i t i o n  n o t  e x c l u d e d .  The p o s i t i o n  o f  t h i B  band i n  s e v e r a l  
v a n a d y l  0 - d i k e t o n e  com plexes  i n v e s t i g a t e d  c o r r e s p o n d s  t o  t h e  
a s s i g n e d  T Sq t r a n s i t i o n s  i n  t h e  0 - k e t o e n o l a t e  i o n s .  I n  a l c o h o l i c  
s o l v e n t s ,  where  a p p a r e n t l y  t h e r e  i s  o x i d a t i o n  o r  a s p e c i e s  change  
a s  e v i d e n c e d  by a change  o f  c o l o r  on s o l u t i o n ,  t h e  b a n d s  a t  12-15kK 
and 16-18kK d i m i n i s h  i n  i n t e n s i t y  o r  c o m p l e t e l y  d i s a p p e a r .  The 
band a t  20-25kK, h ow ever ,  seems t o  i n c r e a s e  somewhat i n  I n t e n s i t y .
I f  t h i s  w ere  a d -d  b a n d ,  i t  s h o u ld  d i s a p p e a r  on o x i d a t i o n  o f  
V(IV) t o  V(V).  T h i s  i s  b e s t  s ee n  i n  V fK hfd )^  • 1 ^ 0 .  I n  t h i s  
com plex ,  t h i s  " f o u r t h "  band i s  a t  a b o u t  21kK and some 2-4kK away 
f rom  t h e  much more i n t e n s e  u l t r a - v i o l e t  b a n d s .  In  t h e  o t h e r  
0 - d i k e t o n e  com plexes  t h i s  band i s  u s u a l l y  f u r t h e r  tow ard  t h e  
b l u e  and u s u a l l y  o n l y  a s h o u l d e r .  I n  p y r i d i n e ,  V O C h f a ^  * 1^0  
g i v e s  a r e d  s o l u t i o n  w h ich  shows o n l y  one band ( «  100) a t
20.7kK w i t h  a s l i g h t  r e d  s h o u l d e r  a round  17kK. T h i s  band a l s o  
i s  u s u a l l y  2 -3  t i m e s  t h e  i n t e n s i t y  o f  t h e  12-15kK and 16- l8kK  
b a n d s .  Work i s  c u r r e n t  i n  p r o g r e s s  i n  t h e s e  L a b o r a t o r i e s  t o  
d e t e r m i n e  t h e  e x a c t  n a t u r e  o f  t h i s  band and a l l  o f  t h e  u l t r a ­
v i o l e t  b a n d s .  The t r a n s i t i o n s  f o r  t h e s e  v a n a d y l  0 - d i k e t o n e s  
d educed  f rom  t h e  above  work  i s  shown i n  T a b le  7 .  The t r a n s i t i o n s  




BAND ASSIGNMENTS FOR OXOVANADIUM(IV) IN d ORBITALS. C4v 
CRYSTAL FIELD AND BY THE BALLHAUSEN-GRAY SCHEME
Energy  Range 
(kK)
B.G.M.O.
A s s ig n m e n ts
T r a n s i t i o n s
i n  C, F i e l d  4v
T r a n s i t i o n s  
i n  d o r b i t a l s
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F. SUGGESTIONS FOR FURTHER WORK
A l t h o u g h  t h e r e  a p p e a r s  t o  be good e v i d e n c e  t h a t  a l l  f o u r  
d - d  t r a n s i t i o n s  o c c u r  be low  20kK f o r  t h e s e  v a n a d y l  ( 3 - d i k e t o n e s ,  
t h e r e  i s  s t i l l  some work  w h i c h  c o u ld  be done t o  p u t  t h i s  h y p o t h e s i s  
on f i r m e r  g r o u n d .
P e r h a p s  t h e  b e s t  e x p e r i m e n t  w h ic h  w ould  h e l p  c l a r i f y  band 
a s s i g n m e n t s  f o r  v a n a d y l  co m p lex es  w ou ld  be l i q u i d  h e l i u m  t e m p e r a t u r e  
o r  l i q u i d  h y d r o g e n  t e m p e r a t u r e  s p e c t r a .  T h i s  s h o u l d  g i v e  v e r y  
s h a r p  b a n d s  and p e r m i t  a more d e f i n i t e  a s s i g n m e n t  o f  t h e s e  b a n d s .
The s p l i t t i n g ,  i f  a n y ,  o f  t h e  band i n  t h e  12-15kK r a n g e ,  w h ic h  
shows t h r e e  com ponen ts  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e ,  s h o u l d  be o f  
g r e a t  v a l u e  i n  t h e  a s s i g n m e n t  o f  t h e  d - d  t r a n s i t i o n s .  One p r o b l e m  
i n  t r y i n g  t o  work  a t  s u c h  low t e m p e r a t u r e s  i s  f i n d i n g  an a p p r o p r i a t e  
medium i n  w h ic h  t o  o b t a i n  a s p e c t r u m .  I t  may be h a r d  t o  f i n d  a 
m a t e r i a l  w h ic h  would  d i s s o l v e  t h e s e  v a n a d y l  c o m p le x es  and  a l s o  fo rm  
a  g l a s s  a t  t h e s e  low t e m p e r a t u r e s .  P e r h a p s  a n  a l k a l i  h a l i d e  p e l l e t  
o r  a s i n g l e  c r y s t a l  may be a good medium f o r  o b t a i n i n g  a s p e c t r u m  
a t  l i q u i d  h e l i u m  o r  l i q u i d  h y d r o g e n  t e m p e r a t u r e s .
A c a r e f u l  i n v e s t i g a t i o n  o f  t h e  u l t r a - v i o l e t  r e g i o n ,  b o t h  i n  
s o l u t i o n  and a t  low t e m p e r a t u r e ,  s h o u l d  a l s o  be  c a r r i e d  o u t  f o r  
t h e s e  v a n a d y l  c o m p le x e s .  A ss ig n m e n t  o f  t h e s e  u l t r a - v i o l e t  bands  
w ou ld  c e r t a i n l y  be  h e l p f u l  i n  t h e  a s s i g n m e n t  o f  t h e  d -d  t r a n s i t i o n s .  
I n v e s t i g a t i o n  o f  t h e  u l t r a - v i o l e t  r e g i o n  may a l s o  h e l p  e x p l a i n  t h e
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anom alous  b e h a v i o r  o f  t h e s e  v a n a d y l  p - d i k e t o n e s  i n  c e r t a i n  s o l v e n t s .
A t i m e - d e p e n d e n t  s t u d y  o f  th e  s p e c t r a  f o r  t h e s e  com plexes  i n  t h e
s o l v e n t s  t h a t  g i v e  abnorm al  r e s u l t s  may a l s o  be o f  v a l u e  i n  t h e
e l u c i d a t i o n  o f  a  scheme t o  e x p l a i n  t h e  s p e c t r a  i n  o t h e r  s o l v e n t s .
I t  may w e l l  be  t h a t  one scheme may n o t  e x p l a i n  t h e  o b s e r v ed
26t r a n s i t i o n s  f o r  a l l  v a n a d y l  c o m p le x e s .  Z e r n e r  and Goute rman 
d i d  f i n d  a  r e v e r s a l  o f  t h e  b* and a *  l e v e l s  from t h e i r  u s u a l  o r d e r  
i n  t h e i r  c a l c u l a t i o n s  on v a n a d y l  p o r p h y r i n s .  I n v e s t i g a t i o n  o f  
o t h e r  v a n a d y l  com plexes  w i t h  n i t r o g e n - d o n o r  l i g a n d s  a t  low 
t e m p e r a t u r e  may y i e l d  i n f o r m a t i o n  t o  c o n f i r m  o r  r e f u t e  t h e s e  
c a l c u l a t i o n s .
Some im provem ent  co u ld  be  made i n  t h e  v a p o r  s p e c t r u m  a p p a r a t u s .
The p r e s e n t  a p p a r a t u s ,  w h i l e  g i v i n g  r e s u l t s ,  co u ld  use  some r e f i n e m e n t s .  
The p r e s e n t  c e l l  i s  awkward t o  h a n d l e  and p e r h a p s  a new c e l l  may 
have t o  be d e s i g n e d .  A long t h i s  l i n e ,  a l o n g e r  p a t h  l e n g t h  c e l l  
would c e r t a i n l y  be u s e f u l  f o r  o b t a i n i n g  a c l e a r e r  v a p o r  s p e c t r u m .
F u r t h e r  i n v e s t i g a t i o n  i s  w a r r a n t e d  o f  t h e  red  s o l u t i o n s  o b t a i n e d  
when v a n a d y l  com plexes  a r e  d i s s o l v e d  i n  c e r t a i n  s o l v e n t s ,  p a r t i c u l a r l y  
p y r i d i n e .  C h a r a c t e r i z a t i o n  o f  t h e  g r e e n  gummy p r o d u c t  o b t a i n e d  
by e v a p o r a t i o n  o f  a  p y r i d i n e  s o l u t i o n  o f  V O (hfa )^  • H^O sh o u ld  be 
m os t  i n t e r e s t i n g .
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